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PREFACE 


Aircraft  must  maintain  structural  integrity  relative  to  many  types  ol  damaging  mechanisms  including,  lor  example, 
fatigue,  noil-detectable  initial  delects  and  in-flight  damage  such  as  that  inflicted  by  military  weapons  or  by  debris 
from  disintegration  ol  an  engine.  Whilst  the  structural  design  methodology  for  many  of  these  is  well  established, 
that  for  in-flight  damage  is  currently  in  a state  of  rapid  development  and  has  not  '-ecu  widely  distributed  to  and 
implemented  by  designers. 

I he  resistance  of  the  structure  to  the  impact  of  projectiles  is  an  important  parameter  in  consideration  of  the 
vulnerability  of  military  aircraft.  Information  on  this  subject  is  contained  in  AGARD  Advisory  Report  AR-47 
"Physical  Vulnerability  of  Aircraft''.  However  lliete  is  a need  for  considerable  augmentation  of  this  information, 
extending  the  scope  to  include  the  design  methodology.  The  Structures  and  Materials  Panel  of  AGARD,  recognising 
this  need,  intends  to  publish  a Design  Manual  m I *>77.  I he  Panel  decided  that  this  Manual  should  also  embrace  the 
clearly  analogous  problem,  arising  mainly  on  the  longer  life  transport  aircralt.  of  the  impact  on  the  structure  of  debris 
Irom  engine  disintegration,  a subject  ol  rapidly  growing  importance  which  has  so  far  received  little  attention  in  the 
literature. 

In  order  to  stimulate  the  collection  ol  data  for  the  Manual,  a Specialist  Meeting  was  organised.  The  presentations 
and  a summary  ol  the  subsequent  discussions  are  published  in  this  volume.  Amongst  the  subjects  covered  are  the 
types  ol  damage  produced  by  various  projectiles,  the  failure  characteristics  of  the  structure  under  load  and  its  residual 
strength  and  life  after  damage.  The  relationship  between  the  spread  of  the  damage  and  the  materials  used  and  the 
detail  design  features  ol  the  structure  is  considered.  Where  neighbouring  systems  or  lucl  tanks  are  vulnerable  the 
degree  ol  penetration  ol  the  projectile  into  the  structure  is  important  and  this  is  discussed  us  is  the  hydraulic  ram 
effect  which  can  result  in  very  high  pressures  it  a projectile  enters  a fuel  tank,  blast  effects  are  considered.  Dcscrip- 
t, uns  are  given  of  methods  ol  overall  analysis  ol  damaged  structures  and  their  use  in  the  vulnerability  assessment  of 
the  aircraft.  The  likely  distribution  of  si/e,  velocity  and  direction  of  engine  debris  fragments  is  discussed  togcthci 
with  information  on  methods  ol  determining  the  effect  on  the  structure.  The  possibilities  are  described  of  reducing 
the  severity  of  the  problem  by  modifying  the  engine  design  to  cause  blade  failures  to  be  more  likely  than  disc  lailurcs 
and  to  contain  a large  proportion  of  the  resultant  debris.  The  effects  of  the  overall  aircraft  layout,  armour  and 
deflectors  on  the  problem  are  also  discussed. 

It  is  considered  that  the  publication  of  these  conference  proceedings  will  be  of  immediate  value  to  those 
concerned  with  the  problem  ol  impact  damage  tolerance.  I he  AGARD  Structures  and  Materials  Panel  would  welcome 
any  comments,  suggestions,  etc  which  would  be  of  help  in  preparing  the  Design  Manual. 

I he  Panel  wishes  to  express  its  appreciation  to  the  many  groups  and  individuals  who  contributed  to  the  success 
id  the  Specialists  Meeting;  to  the  Turkish  National  Delegates  who  hosted  the  meeting;  to  Mr  JAi. Avery.  AGARD 
C oordinator  for  the  work  on  Impact  Damage  Tolerance,  to  the  authors,  session  chairmen  and  those  who  contributed 
to  the  technical  discussions;  and  to  the  Panel  Members  and  Sialf  who  so  ably  assisted  in  the  planning  and  canying 
through  ot  the  meeting. 
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STRUCTURAL  INTEGRITY  REQUIREMENTS  FOR  PROJECTILE  IMPACT  DAMAGE--  AN  OVERVIEW 

bY 

J.  G.  Avery 
and 

T.  R.  Porter 

BOEING  AEROSPACE  COMPANY 
Research  end  Engineering  Division 
P,  0.  Box  3999 
Seattle,  Washington  9812b 

end 

It.  U,  Lauzce 

Air  force  Flight  Dynamics  Laboratoi y 
Ur Ight-Patterson  AFB,  Ohio 


SUMMARY 

Aircraft  can  be  exposed  to  projectile  impacts  from  several  sources,  including  military  weapons,  hailstones,  pebbles, 
and  debris  from  engine  failures.  In  spite  of  the  importance  of  the  projectile  damage  threat  to  many  types  of 
aircraft,  this  category  of  damage  is  addressed  in  only  a limited  degree  by  existing  design  guideline  and  specifi- 
cation. There  ore  , however,  a growing  body  of  research  results  becoming  available,  and  attention 
must  be  directed  toward  making  this  information  usable  to  designers.  The  only  means  of  doing  this  is  to  integrate 
projectile  damage  tolerance  considera'ians  within  the  existing  structural  design  process.  This  paper  outlines  a 
design  methodology  for  projectile  damage  tolerance  and  summarizes  some  of  the  research  results  available  for 
implementing  the  methodology. 


1.  INTRODUCTION 

As  Indicated  In  Figure  1,  aircraft  must  maintain  structural  Integri  relative  to  many  types  of 
damaging  mechanisms,  Including  for  example: 

I . Fat Igue 

2.  Non-de tec  tab  I e Initial  defects 

3.  In-flight  damage,  such  es  Inflicted  by  military 

weapons  and  engine  debris. 

The  objective  In  designing  for  fetlgue  considerations  Is  to  prevent  wear-out  during  the  anticipated 
usage  of  the  aircraft.  The  objective  of  the  second  structural  Integrity  requirement  Is  to  prevent  an 
airplane  from  unexpectedly  falling  as  a result  of  an  undetected  flaw  or  defect.  In  both  cases,  the 
benefits  of  successful  design  ere  Improved  safety  and  economics. 

With  respect  to  In-flight  damtge,  the  design  objective  Is  to  prevent  structural  failure  from  sud- 
denly Inflicted  damage  during  flight,  For  example,  a substantial  portion  of  combat  aircraft  attrition 
has  been  caused  by  itructure-relatsd  failures  Induced  by  projectile  damage.  Weapon  damage  may  cause  loss 
of  strength  and  stiffness,  and  thase  effects  are  often  amplified  by  the  Interaction  between  primary  struc- 
ture and  engine  fuel  storage.  This  Interaction  leads  to  damage  mochanlsms  such  as  hydraulic  ram,  vapor 
explosions  end  fire. 

In  spite  of  the  Importance  of  the  projectile  damage  threat  to  many  types  of  aircraft,  this 
category  of  damage  Is  addressed  in  only  a limited  degree  by  existing  design  guide! In-s  and  military 
specifications.  Although  the  vulnerability  analyst  has  always  been  concerned  with  the  effects  of  pro- 
ject! lea,  this  often  represents  unfamiliar  ground  foi  the  structural  designer. 

Because  of  theie  consequences,  effort  is  required  to  Integrate  battle  damage  tolerance  con- 
siderations within  the  structural  design  process,  along  with  related  fatigue  and  fail-safe  criteria,  as 
Indicated  in  Figure  2.  In  recognition  of  this  need,  the  Air  Force  Flight  Dynamics  Laboratory  has 
recently  supported  research  under  contract  F33615-73"Q"3032  "Survlvable  Combat  Aircraft  Structures 
Design  Guidelines  and  Criteria,"  (Reference  I).  In  order  to  formulate  the  required  technology  within  a 
methodology  that  can  be  readily  accepted  by  structural  designers. 
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I).  METHODOLOGY  TOR  IMPACT  DAMAGE  TOLERANT  DESIGN 

To  achle-'-e  desired  structural  survivability  with  minimum  performance  degradation*  a quantitative 
jSsesSfn^.,1  of  structural  survivability  should  be  Included  during  the  design  phase  of  the  aircraft.  This 
requires  Implementing  an  assessment  and  design  methodology  that  allows  designers  to  determine  the  Surviv- 
al capability  of  a current  design  and  then  compare  this  ce~.bl1lty  with  the  structural  performance 
specified  by  criteria.  The  objectives  of  the  methodology  are  to  evaluate  the  structural  capability  of 
the  damaged  airframe,  and  to  compare  this  with  structural  performance  requirements  as  dictated  by  mission 
criteria.  Figure  3 Is  a flow  diagram  Illustrating  the  steps  required  to  evaluate  the  survivability 
level  of  a structural  design  (Reference  2j . 

A first  step  In  the  methodology  Is  tc  determine  the  conceptual  goals  for  the  aircraft.  Including 
aircraft  type  and  anticipated  usage.  From  these,  specific  mission  and  threat  requirements  are  defined. 
Non-nuclear  ballistic  threats  can  be  categorized  into  three  basic  types: 

a.  Non-exp  1 os  I v*  projectiles  (punetrators) 

b.  High  explosive  (HE)  projectiles 

c.  Warheads 


COMBAT  WEAPON  SYSTEM  CONCEPTUAL  GOALS 

o 


o 


SUBVIVABLE  COMBAT  WEAPON  SYSTEM 


Figure  3.  Structural  S/V  Dnign  Methodology 


Information  on  the  projactll*  type,  slat,  velocity,  number,  »nd  direction  mint  be  considered  when 
melting  e structure!  vulnerebl 1 1 ty  assessment.  In  addition  to  mission  end  threat  requirement!,  the  con- 
ceptual  structural  designs  are  a necessaiy  Input.  The  structural  design  Is  not  final,  since  the  final 
selection  of  the  structural  conf Igui at  Ion  and  materials  Should  Include  the  vulnerability  assessment  re- 
sults. because  ,tructural  concepts  end  materiel  selection  significantly  Influence  the  survivability  of 
the  total  structure. 

The  remaining  steps  Illustrated  In  Figure  3 use  the  above  factors  as  Input  date  In  establishing 
the  structural  capability  and  requirements  for  the  fine)  assessment.  These  steps  are  described  In  the 
followlnq  paragraphs. 
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II  1 

St'uitural  requirement*  are  determined  by  thr  physical  jiul  loading  env  i r omen ' s uf  the  ircraft. 

Ft  «r  s»{r  v i vah  i I I » y analysis,  three  basic  types  ot  1 n I or  mu  t ion  die  required  foi  each  structural  com- 
ponent mriilderei).  These  are: 

a I he  orohublu  load- level  an*  the  physical  env  i moment  at  the  lime  ot  damage  occurrence; 

b . The  cy«-l  loading  spectrum  alter  damage  occurrence; 

v . The  maxhuin  load  anti  the  associated  physical  environment  that  w i 1 I he  encountered 

alter  damage  huS  ninuifil. 

This  information  is  obtained  from  the  anticipated  operational  stress/time  history  for  the  aircraft. 
This  includes  the  I -q  loading,  gust  loadings,  and  maneuver  load  factors  for  the  prescribed  missions. 

A sample  stress/lime  history  is  shown  In  figure  U.  From  information  of  tills  type  a rational  stress 
level  requirement  at  the  time  .»♦  impact  can  hr  define. I. 

The  niaxir’iciH  loadings  amir  IputeJ  from  the  tine  of  damage  occurrence  until  mission  completion  or 
repair  will  define  the  residual  strength  requirements  for  the  airplane.  Likewise,  the  operating 
st'esses  f * on  danaqe  incidence  until  the  airplane  Is  repaired  will  define  the  cyclic  loading  require- 
ments *ur  the  damaged  airframe. 


Figure  4 Stress-  Time  History  for  Structure!  Element 


Physical  environment  is  an  important  consideration.  Temperature,  for  example,  can  affect  the 
residual  rength  of  damaged  structure  because  it  Influences  the  fracture  behavior  of  some  aircraft 
materials.  Other  possible  degrading  physical  env i ronment s Jnc  I ude  : humidity,  moisture,  cleaning 

fluids,  hydraulic  fluids,  and  fuel,  especially  during  the  application  of  cyclic  loads. 

11.2  DETERMINATION  OF  \ HE  CAHAG!  LIT  Y OF  DAMAGED  STRUCTURE 


The  determination  of  structural  capability  requires  an  evaluation  of  structural  degradation  due 
to  weapon  damage.  Several  unique  technical  disciplines  come  into  operation  at  this  point  In  the  analysis. 
Evaluating  structural  degradation  due  to  weapon  damage  requires  a consideration  of  the  mechanics  of 
damage  and  damage  tolerance.  The  required  analysis  steps  were  shown  on  the  right  side  of  Figure  3* 

The  first  step  is  to  determine  the  type  and  extent  of  the  damane  inflicted  by  the  threat-  Struc- 
tural damage  from  projectile  impact  is  a function  of  the  threat  and  engagement  conditions,  as  well  as 
the  structural  configuration  including  geometry  and  material.  Cons iderat ion  must  be  given  to  the 
environment,  loads,  and  compounding  effects  Such  as  hydraulic  ram. 

D«.<agod  structure  that  does  not  fail  at  the  time  of  impact  is  Mihjected  to  subsequent  cyclic  loading 
as  a result  of  gust  and  maneuvers  during  continued  f 1 iqht . These  cyclic  loadings  induce  fatigue  that  can 
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influence  the  i1dindij<-  size  jrul  didi.icU’i  , thereby  (hanging  the  strength  nl  i he  structure.  In  metal  btru<- 
Uic,  cyclic  stresses  will  generally  im  if,ise  t *'r  damage  s I /e  and  severity,  thus  tf'lui  lug  the  strength  of 
the  ba 1 1 i st U -damaged  structure. 

The  damaged  airlfapte  must  sustain  the  maximum  flight  l»*afis  subsequen  t > y «m  nun  t er  ed  . The  res* dual 
strength  of  the  damaged  Strut  lure  is  related  to  design  and  damage  s i it  . The  st.itfrir.ss  of  din  raft 
stm.  tuiY  that  has  been  damaged  «s  also  u'tered.  This  stillness  degi adat I un  tan  produce  several  efforts 
that  can  also  lead  to  failure.  Among  the*e  are  ilutlor,  loss  of  icmtrul  , nr  extensive  load  redistribu- 
tion within  the  structure- 


The  * i n,i  I results  of  the  stiuctur.il  capability  dc ter m I nat i on  ran  be  presented  in  1 uuinrer  analogous 
to  the  si • ess/t ime  history  presented  in  figure  b.  T f • I s Is  tcmv»d  the  "st  i ength~t  ime"  history  (an  example 
fs  shown  in  Figure  cj)  . The  figure  shows  that  s t rtn  tufa  I capability  i1  the  design  ultimate  strength  before 
encountering  damage . After  projectile  Inpact,  however,  the  structural  strength  Is  severely  degraded  in 
this  example.  The  :,»ltial  'espouse  is  character  ived  by  the  Strength  dm  i r.g  the  tine  of  Impact.  Imme- 
diately after  Impact,  the  structur.il  capability  is  determined  by  th"  residual  strength.  After  this  point, 
the  strength  de  ji  ades  due  to  the  fatigue  damagr  (.inset!  by  r y<  lit  loadings . 


ULTIMATE  STRENGTH  (UNDAMAGED) 


Fiifun .»  5.  Strength  Time  History  for  Structural  Element 


11.  3 STRUCTURAL  VULNERABILITY  ASSESSMENT 

The  final  survivability  assessment  compares  the  stress/time  and  the  strength/t Ime  histories;  that 
is,  the  requirements  and  the  capabilities.  A typical  comparison  Is  shown  in  Flqure  6.  This  figure  shows 
the  str^ss/t  ime  and  strennth/t  Ime  histories  for  a wing  structural  detail.  At  time  "A"  toe  SLr'cngiri 
capability  Is  reduced  significantly  due  to  damage  Infllotnd  by  projectile  Impact;  however,  the  structural 
element  did  not  fall  ca Las t roph lea  1 I y . In  this  example,  the  strength  requirements  exceed  t he  strength 
capability  In  the  landing  appioach,  and  Structural  failure  occurs.  The  final  assessment  depends  on  the 
Impact  damage  tolerance  criteria  selecte-'  for  the  aircraft,  and  criteria  selection  and  specification  Is 
an  extremely  Important  aspect  of  Impact  damage  tolerant  design. 


III.  DESIGN  TECHNIQUES  AND  GUIDELINES 


The  structural  designer  can  employ  several  techniques  for  Improving  the  response  of  aircraft  struc- 
ture to  projectile  Impact,  including: 

a.  Reduce  the  probability  of  hitting  critical  structure. 

b.  Improve  damage  resistance  of  structure. 

c.  Improve  damage  tolerance  of  structure 


The  first  approach  Includes  reducing  the  sl*e  of  critical  elements,  locating  critical  structural 
elements  so  that  they  are  shielded  by  less  critical  components,  or  locating  critical  elements  so  that  they 
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i.,l  piopcrtiei»  jni?  geometric  ccnf  igurat  ’on  determine  damage  resistance.  For  example,  2Q2**-T3 
■.kin  is  more  dimage  resistant  (less  crackling)  than  7075"T6  skin  when  exposed  to  projectile  Impact.  In 
neneral,  the  use  of  hi gh- toughness  materials  will  provide  a high  level  of  daruage  resistance. 

Damage  tolerance,  on  ths  other  hand,  Is  measured  by  the  ability  of  the  structure  to  survive  or 
"tnlr-dit"  damage  of  a given  size.  A damage- to  I erant  structure  Is  obtained  by  careful  attention  to 
both  detail  design  and  material  selection.  Multiple  load  paths  and  stiuctura)  members  capable  of  limit- 
inn  or  containing  damage  extension  should  be  Incorporated. 

In  areas  where  both  members  of  a dual  load  path  could  be  damaged  by  a single  Impact,  and  where 
d-slgn  igeomctrv)  limitations  restrict  the  use  of  redundant  structure,  special  effort  should  be  made  to 
povlde  damage  resistance.  This  Is  achieved  by  minimizing  the  exposed  area  and  utilizing  damage-resistant 
r tcrials.  Good  damage  resistance  wll!  also  enhance  repair  capability. 

Damage  tol^ance  should  be  considered  In  the  design  of  every  major  component.  Mul t Ip le- load-pain 
st'  cture  should  be  used  and  the  load  paths  should  be  separated  to  minimize  the  possibility  of  critical 
oa  *ge  from  a single  impact.  Short  load  paths  are  recommended  to  minimize  the  vulnerable  area.  Flam- 
mable n^d/or  explosive  components  should  not  be  placed  In  close  proximity  to  the  primary  load  paths. 


The  ubove  general  design  considerations  are  deceptively  simple.  In  actuality,  their  application  In 
specific  circumstances  Is  complex,  and  requires  both  design  awareness  and  Inventiveness.  Although  It  Is 
ifioge'r uus  id  generalise,  design  features  that  typically  enhance  structural  survivability  are: 

a.  Extensive  use  of  High  toughness  materials  to  provide  a high  level  of  damage  resistance. 

b.  hultispar  wing  construction. 

c . Multiple  skin  panel  construction. 

d . Riveted  skin  construction  with  patterns  selected  to  minimize  blast  effects 

e-  Mul t l str inger , skin  fuselage  const ruct Ion . 

I.  Fuselage  conf i gura t Ion  with  short  primary  load  paths. 

g.  Fuselage  conf i gurat i or.  with  large  volume  to  minimize  blast  effects. 

However,  the  designer  needs  more  specific  analytical  tools  In  order  to  Implement  the  tasks  defined 
previously  in  the  design  methodology.  These  analytical  methods  must  be  formulated  In  terms  of  design 
parameters,  so  that  the  effects  of  design  alternatives  can  be  evaluated.  The  remainder  of  this  section 
presents  a brief  overview  oF  Impact  damage  effects  in  aircraft  structure,  and  certain  analysis  methods 
available  for  use  In  design. 

The  topics  addressed  Include: 

a.  Character ist ics  of  Projectile  Impact  Damage 

b.  Prediction  of  Impact  Damage 

c.  Internal  Load  Redistribution  In  Damaged  Structure 

d.  Failure  Criteria  for  Damaged  Structure 


III  1 CHARACTERISTICS  OF  PROJECTILE  IMPACT  DAMAGE 

Projectile  damage  has  diverse  charac ter  I st  Ics  depending  on  the  projectile,  the  configuration  of  the 
structure,  and  the  conditions  of  Impact.  Damage  can  range  from  dents,  cracks,  and  holes,  to  large  petal  led 
areas  accompanied  by  extensive  out-of-plane  deformation.  The  diverse  character  of  projectile  damage 
raises  questions.  How  can  It  be  quantified?  What  should  be  measured? 


Although  there  are  several  mean  I ngf ul  measures  of  Impact  damage,  lateral  damage  Is  the  measurement 
that  has  been  found  most  useful  for  vulnerability  analysis.  Lateral  damage,  as  shown  In  Figure  8,  Is 
defined  as  the  diameter  of  an  Imaginary  circle  that  just  encloses  the  limits  of  fracture  or  material 
removal  In  the  plane  parallel  to  the  original  surface  of  the  sheet.  The  terms  "lateral  damage",  "damage 
size",  and  sometimes  simply  "damage"  are  used  synonomous 1 y . 

A second  significant  measurement  when  stressed  panels  are  considered  Is  the  component  of  lateral 
oamrge  transverse  to  the  applied  load.  This  Index  Is  referred  to  as  transverse  lateral  damage,  often 
abbreviated  as  TID. 

The  Following  paragraphs  describe  the  basic  character  Ist Ics  of  projectile  damage  In  metal  and  fiber- 
composite  structure. 

Ill  11  IMPACT  DAMAGE  IN  METALS 

The  impac t -damage  response  oF  metals  depends  upon  manv  Interrelated  parameters.  Because  of  this, 
there  is  appreciable  scatter  In  the  test  data,  and  it  Is  often  difficult  if  not  Impossible  to  Isolate  and 
quantify  the  effect  of  Individual  parameters. 

An  extensive  Investigation  of  impact  damage  In  metals  is  reported  in  Reference  3*  This  reference 
discusses  types  of  damage  and  the  parameters  that  Influence  damage . Some  pertinent  results  from  that 
study  are  sum-’ir i zed  In  the  following  paragraphs.  These  results  have  been  demonstrated  In  the  high- 
strength  aluminum  »lloys,  such  as  202A-T3  and  7075“T6. 


Damage  Tyne 

Impact  damage  In  metal  sheet  and  plate  structure  can  be  cracks,  Spallation,  petals,  holes,  dents  or 
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gouges.  For  a given  target  material,  the  damage  type  sustained  depends  on  the  sheet  thickness  and  the 
projectile  velocity  and  Inw»*^t  angle.  This  behavior  Is  Illustrated  In  Figure  9* 


Effect  of  Projectile  Velocity 

For  a given  panel  and  obliquity,  the  variation  of  projectile  Impact  velocity  can  rasult  In  the 
response  shown  In  Figure  10  which  also  illustrates  the  concepts  of  Incipient  damage,  maximum  damage  and 
hlgh-veloc ! ty  damage-  This  response  is  character  I zed  by  a maximum  lateral  damage  size  that  occurs  just 
above  the  penetration  limit.  Further  increases  in  projectile  velocity  result  In  lesser  damage,  until  a 
plateau  is  reached  called  the  h igh-veloc I ty  lateral  damage.  Velocity  Increases  beyond  this  limit  do  not 
produce  any  significant  change  In  damage  size,  unless  velocities  can  be  reached  that  result  In  appreciable 
projectile  break-up.  The  difference  between  the  maximum  damage  and  the  hlgh-veloc I ty  damage  depends 
primarily  on  sheet  thickness. 

Figure  II  Is  a photograph  showing  the  effects  of  projectile  velocity  for  ,30-calIber  AP  Impacting 
090-lnch  7075"T6  sheet.  The  Increase  In  damaye  with  reduced  velocity  Is  evident. 


Effect  of  Projectile  Obliquity 

The  angle  of  obliquity  (or  Impact  angle)  has  a pronounced  effect  on  c1. image  size.  The  following  are 
generally  true  regarding  obliquity  effects: 

1.  When  impact  angles  are  increased  and  other  conditions  held  constant, 

the  maximum  lateral  damage  will  also  Increase  as  long  as  penetration  occurs; 

2.  The  velocities  required  for  Incipient  lateral  damage,  maximum  lateral  damage 
and  the  onset  of  h Igh-ve loc I ty  lateral  damage  Increase  directly  with  Impact" 
angle  Increase. 


o 


Figure  12  Illustrates  this  response  schema! Icel ly,  and  Figure  13  I*  * photograph  showing  ,090-Inch 
7075* T 6 Impacted  at  several  obliquities  with  velocity  held  constant.  There  Is  a dramatic  reduction  In 
damage  size  as  the  Impact  angle  Increases  from  60  to  70  degrees  caused  by  projectile  rluhochet. 
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Figure  12  Typical  Effect  of  Obliquity  on  Damage  Si/e 


Effect  of  Projectile  Type 

When  projectiles  re  similar  In  shape  and  construction  but  differ  In  size,  • is  generally  found 
that  larger  projectile*  produce  greater  damage.  When  this  similarity  is  not  present,  however,  It  is  not 
possible  to  make  lateral  datrw»ge  predictions  based  only  on  projectile  size.  Projectile  type  must  also  be 
cons Idered . 

A distinction  must  be  made  between  oqive  bullets  and  compact  fragments,  for  example.  Ogive  projectiles 
can  exert  significant  In-plane  wedging  farces  that  contribute  to  panel  cracking  during  projectile 
penetration.  Compact  fragments  tend  to  puch  through  the  panel,  causing  a different  mode  and  size  of  damage. 

Effect  of  Sheet  Thickness 


Damage  size  is  highly  dependent  on  sheet  thickness.  A convenient  thickness  parameter  Is  the  ratio 
of  thickness  to  projectile  diameter  (t/D) . Typically,  as  t/D  ratios  are  increased  beyond  0.1,  the  maximum 
lateral  damage  size  Increases  from  a project  1 12-* ized  hole  to  a relatively  large  damaged  area.  This 
principal  maximum  lateral  damage  occurs  at  t/D  values  between  0<3  and  G.k  for  aluminum  and  titanium  alloys. 
Increasing  t/D  ratios  beyond  O.k  reduces  the  lateral  damage  to  a projec t i 1 e«s i 2td  hole  that  may  be 
accompanied  by  significant  amounts  of  spallation. 

The  typical  response  Is  shown  graphically  In  Figure  Ika.  It  should  be  kept  In  mind  that  since  lateral 
damage  is  also  dependent  on  projectile  velocity,  this  fiqure  shows  the  largest  damage  (i.e.,  the  maximum 
lateral  danwjge)  that  occurs  fur  each  given  t/D  ratio. 

The  remaining  illustrations  In  Figure  lk  demonstrate  the  parametric  effects  discussed,  namely:  the 

effect  of  projectile  velocity,  Impact  angle  and  projectile  type- 

En'ect  of  Sheet  Hater  ial 


The  choice  of  material  will  have  a marked  effect  on  the  resulting  size  and  type  of  damage*  since 
materials  differ  In  their  resistance  to  Impact  damage.  A comparison  of  damages  produced  under  Identical 
Impact  conditions,  changing  only  target  material,  wi 11  show  large  differences  in  damaqe  size.  It  was 
shown  t Kit  the  damage  sizes  for  2Q2k-T3,  202k-TOl  and  7075“TA  aluminums  have  the  ratios  1 72.2/5. 1, 
respectively.  On  the  same  basis,  the  ratio  for  6A1-AV  titanium  was  found  to  be  1,8.  The'*®  materials  rank 
in  the  following  order  of  damage  resistance,  with  the  first  having  the  highest: 

1.  202A-T3 

2.  hAl-ky 

3.  202A-T8 i 
k.  7075-T6 

Siice  damage  tolerance  is  also  dependent  on  material,  material  selection  is  a means  of  reducing  structural 
degradation  due  to  battle  damage. 

Effect  of  Applied  Stress 

If  the  stress  level  is  sufficiently  high  to  precipitate  impact  fracture,  there  will  be  an  extension 
of  damage  beyond  that  obtained  from  lower  stressed  panels.  Applied  stress  levels  below  this  value  may 
have  a imall  influence  nn  damage  size  and  orientation;  however,  the  extent  of  these  effects  has  not  yet 
been  establ ished . 

III.  1.2  IMPACT  DAMAGE  IN  FIBER  COMPOSITES 

There  has  been  very  tittle  parametric  impact-damage  testing  of  fiber  composites.  Figure  15  shows 
typical  projectile  damage  in  a boron/epoxy  sandwich  panel.  Some  boron/epoxy  test  results  are  shown  In 


Figure  14  (ffect  of  Seeenl  Ferameten  on  Gun  fin  Damage  of  Mom!  Structure 


ftgun  IS.  Typical  Projectile  Damage  in  Thin  Fiber  Compoaite  Sheet 


in 


Figure  16  for  comparison  with  the  metal  data  (Figure  lit).  The  dashed  lines  represent  the  size  of  the 
projectile  projected  onto  the  plane  of  the  test  panel.  This  Is  the  minimum  damage  size  corresponding  to 
passage  of  the  project  I It  through  the  panel.  In  contrast  to  the  response  of  metals,  there  Is  a close 
correlation  between  the  measured  damage  extent  and  the  projected  area  of  the  projectile.  The  one  excep- 
tion Is  for  the  exit  face  of  thicker  laminates. 

The  available  data  Indicate  that  extensive  visible  cracking  extending  from  the  impact  point  does  not 
occur  in  thin  panels  of  boron/epoxy  and  graph  I te/epcxy . These  materials  exhibit  good  damage  resistance. 

BORON/EFOXY  STRUCTURAL  PANELS 


a.  I EFFECT  Or  NUMBER  OF  PLYS 
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Figure  16.  Typicsl  Parsrmtric  D*msg*  D*t*  lor  Fib*r  Composite* 


III.  1.3  PROJECTILE  IMPACT  INTO  FLUID  FILLED  CONTAINERS 

In  many  aircraft  applications*  the  structure  serves  the  additional  function  of  fuel  Containment,  so 
that  a penetrating  projectile  enters  a fluid  medium  after  passage  through  an  adjacent  element  of  structure. 
The  term  Mhydraul Ic  ram"  refers  to  the  dynamic  pressures  generated  within  the  fluid  as  a result  of  energy 
Imparted  by  a penetrating  projectile.  These  pressures  are  transmitted  to  the  walls  of  the  fuel  tank,  and 
they  can  cause  severe  structural  damage  to  lightweight  aircraft  Structure. 

Hydraulic  ram  must  be  considered  as  a damage  mechanism  for  any  structural  element  that  Is  wetted  by 
fluid*  or  any  element  that  Is  separated  from  fluid  by  a pressure  transmitting  component  such  as  a flexible 
biadder.  The  structural  damaqe  caused  by  hydraulic  ram  consists  of  bulging  and  tearing,  and  fastener 
failure  Is  common.  Damage  Is  especially  severe  at  entrance  and  exit  walls  because  the  internal  pressures 
extend  the  damage  caused  by  penetration.  Hydr au llc-ram  damage  due  to  fragments  and  small -arms  projectiles 
can  be  extensive  and  potentially  catastrophic  as  suggested  by  Figure  17.  Hydrau I Ic-ram  will  be  discussed 
more  fully  In  a subsequent  presentation. 

Ill  2 PREDICTION  OF  PROJECTILE  IMPACT  DAMAGE 

The  description  and  modeling  of  ballistic  Impact  damage  is  a new  and  complex  technology.  The  available 
prediction  melltods  are  primarily  upper  and  lower  limit  techniques*  and  statistical  reliability  lias  no  t yet 
been  adequately  defined.  These  limitations  In  damage-prediction  capability  Influence  the  reliability  of 
structural  vulnerability  assessment  and  design. 

The  following  paragraphs  describe  some  techniques  for  predicting  projectile  Impact  damage  size.  The 
description  Is  organized  according  to  the  type  of  projectile  and  the  type  of  structure!  materiel,  and 
Inc ludes : 

1.  Bullets  Impacting  metal 

2.  Bullets  or  fragments  Impacting  fiber  composites 

3.  Fragments  Impacting  metal 

k.  Impact  damage  from  HE  projectiles 
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Figure  J A Hydraulic  RAM  Damage  m Fuel  Tank  Caused  by  Sr mil- Arms  Pro  tactile 
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A la:  ijr-s  l Jv  •'>»  »'l  •»  1 i \ described  in  Reference  4,  and  was  incorpur  att-d  into  a design  handbook  in 

&t»  • i*r  <•"' n 3-  BmajSe  "f  l hr-  inherent  scatter  in  damage  size  data,  the  model  was  designed  to  predict  the 

..pp»"  J l'-..v  1 i ■ it',  n*  far  age  '-i/e.  The  rmdi-l  imj  * •.  illustrated  qualitatively  in  Figure*  18,  and  a 

t p ! . i I set  •»'  ipp*;r-li»  it  damage- pred  i r t inn  curve1,  is  shown  in  T iqui't*  I9. 

upper  <i»»  I 1 <-./*•»- 1 i r it  p<  ed  it.  t ion  t u»  vos  were  plotted  by  computer  lor  the  fnl  lowing  conditions: 

p#v.  » j 1 o', : . 30-c.i  I i he»  AP 

30  cal  i be r ImI I 
. 50  t a 1 i be i AP  and  |>a  ) I 

Materials.  2024-73  a 1 urdnun 

2024- 7ft  I ,i  I uni  nun 
a 1 >ini  ngiti 

AAI-4V  titanium  (except  -30  califei  ball) 

Thictn/..,  0.032.  0.0*3,  o.ooo,  0.12'j,  n.lbo,  0.130,  0.250, 

0. 373.  0.500,  0./50,  1.000  inches 

IrUMc*  Z'./jIcS*  0,  ?0,  40,  On,  and  70  degrees 

As  a convenience,  the*  upper- 1 ini  t damage -s  » /e  predictions  have  been  reformulated  In  terms  of  maximum 
ip  r>*r  - 1 ini  t •-l.in.irje  for  varying  panel  gages  over  a specified  velocity  range.  Typical  results  are  presented 
in  r!qjr,i  20.  These  curves  pro/idc  .1  condensation  of  the  prediction  curves  shown  In  Figure  19-  This  is 
ale  possible  by  ? r .ms  fuming  the  velocity  variation  Into  a velocity  range  (0  to  3200  fps). 

bullet',  or  fragments  impacting  fiber  composites 


As  discussed  previously,  there  has  been  only  limited  parametric  damage  testing  in  composite  materials. 
However,  a tentative  evaluation  of  the  extent  of  damage  in  thin  composite  panels  beyond  the  projected  size 
id  the  projectile  was  made  using  available  data.  The  results  are  reported  in  Reference  5-  The  average 
va  1 jf  found  for  all  the  -Jala  reported  w.is  about  0,2  inch,  based  on  using  linear  elastic  fracture  mechanics 
lor  r.oi  relat  in«|  residual  tensile  strength.  From  this  result,  an  effective  damage  size  was  defined  as  shown 
in  Figure  21.  This  provides  a damage  model  for  thin  composite  structure  that  relates  projectile  damage 
size  to  impact  angle  ami  projectile  caliber.  Figure  22  presents  effective  damage  si  /e  results  from  this 
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hijurr  22  Vtrution  of  tffactiv*  Damage  Si/a  for  . 50  Catitxr  A P with  Obliquity  or  Yaw  Anglt 


A prediction  model  was  dev-  loped  in  Reference  I tor  damage  si/e  in  aluminum  due  to  singly  impacting, 
high-ve  lot  I ty  ccxnpact  fragments.  This  modi  I is  described  below,  and  should  be  applicable*  to  low-density 
fragctent  impacts  fu#m  r»AHf,  or  HE  projectiles.  High-dens  1 ly  impacts  involve*  the  interactions  between 
adjacent  projectile  damages,  and  there  is  currently  no  general  method  available  for  quantifying  this  type 
of  damage. 

Typical  damage  from  high- veloe  i ty  (greater  than  2,000  f,.s)  compact  fragments  Is  shown  in  figure  23. 
Examination  of  cr>mpjct-f  ragmen  t data  of  this  type  indicated  that  the  lateral  damage  Is  essentially 
Independent  of  projectile  velrxity  in  the  high-velocity  range  (2,000  to  6,000  fps).  This  behavior  is 
similar  to  that  established  for  bullets  In  Reference  3 The*  data  also  indicated  that  material  effects  were 
not  pronounced  in  this  range*,  as  the  damage-  sl/es  lot  2Q2*»-T3  *lnd  7Q75”T&  were  very  nearly  the  same. 

These  observations  led  to  the  development  of  a fragment  damage  model  for  aluminum  alloys  similar  In 
form  to  the  h Igli-  ve  loc  i ty  danvige  model  lor  bullets  developed  In  Reference  3.  The  final  expression  is: 

D 2 

Ln  " l'->*  * 0.f>  { ) ] 


where : 

ID  ■ lateral  damage  s i ic  (inches) 

■ the  maximum  piojected  frontal  dimension  of  the  fragment  (inches) 

f«  ■ impact  angle,  measured  between  the  fliqht  path  and  a normal  to 
the  target  surface 
t * target  thickness  (Inches) 
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Figure  23.  Demege  Verietiun  With  Velocity  to;  Comped  Fregment  Impeding 
0.25  7075-  X 6 et  Norm / Obliquity. 
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H i gh-exp  los  I ve  projectiles  of  20  to  37  mm  caliber  represent  a prubable  threat  for  combat  aircraft. 
Figure  2^  shows  several  aspects  of  the  terminal  effects  caused  by  HE  projectiles.  The  resulting  damage 
is  due  to  the  combined  effects  of  fragments  and  blast  (often  internal). 

The  condition  shown  in  the  figure  is  for  a projectile  having  an  instantaneous  fu/e  that  detonates  upon 
contact  with  the  uter  structure.  Delay  fu*es  are  also  prevalent.  In  either  case,  a hole  is  punched 
in  the  outer  skin,  and  a spray  of  fragments  from  the  projectile  casing  emanates  from  the  center  of 
detonation.  The  spray  forms  a cone  of  fragments.  The  angle  of  divergence  relative  to  the  projectile  flight 
path  depends  on  projectile  velocity  and  the  fragment  ejection  velocity.  This  latter  velocity  is  a char- 
acteristic of  the  projectile 


The  development  of  methods  for  predicting  damage  due  to  HE  projectiles  has  received  recent  attention, 
and  certain  of  these  methods  'll  be  described  in  subsequent  presentations.  The  BP.- 1 computer  code 
(Reference  6),  for  example,  contains  a t r agmen tat i on  mode  1 for  use  In  conjunction  with  the  f i n i te-e lement 
SCructuial  mode  1 developed  for  predicting  the  local  damage  and  transient  response  of  aircraft  compartments 
Subjected  to  the  interna)  detonation  of  explosive  projectiles. 

The  BR- 1 code  currently  contains  the  c horac te < i st  I cs  of  three  HE  rounds,  including  the  static 
velocity,  the  mean  static  direction,  the  number  of  fragments  and  the  mass  distribu’  ion  for  the  fuze,  the 
fuze  attachment  the  S‘du  portion,  and  the  base. 

The  velocity  of  the  fragments  is  vectorally  added  in  the  BR-I  code  to  the  velocity  of  the  projectile 
relative  to  the  target  at  the  time  of  detonation  to  determine  the  relative  velocity  of  the  fragments  to 
the  target  structure.  For  fragments  emanating  from  the  side  of  the  projectile,  the  code  autona t ica 1 !y 
determines  which  finite  elements  in  the  structure  die  struck.  ior  f ragments  emanating  from  the  nose  or 
base  of  ‘.he  projectile,  the  user  has  to  specify  through  the  Input  data  the  elements  struck.  The  BR-I  code 
determines  what  percentage  of  the  fragments  Penetrate  the  structure,  t he  impulse  imparted  to  the  finite 
eli"-'ents  because  of  the  momentum  change  of  the  fragments  as  they  encounter  and/or  penetrate  the  structure, 
and  the  loss  in  strain  energy  carrying  capability  and  mass  of  the  structure  because  of  holes  created  by 
fragments  that  penetrate  the  structure. 

III.  3 INTERNAL  LOAD  REDISTRIBUTION 

The  infliction  of  damage  in  multiple  load-path  components  causes  a red i s t r i but i on  of  Internal  loads 
among  the  elemtnts.  In  addition,  the*  ava  liability  of  .1 1 lunate  load  paths  result*  in  some  level  of 
residual  strength  capability  in  major  structural  components,  even  though  element  failures  have  occurred. 

A powerful  tool  for  determining  load-redistribution  in  damaged  structural  components  la  wing  or  wing 
segment,  for  example),  is  the  finite-element  structural  analysis  computer  program.  These  programs  are 
frequently  used  for  design  analysis,  and  their  application  to  damaged  or  altered  structure  Is  a logical 
ext, ns  Ion . 

The  operational  theory  of  f i n i te-e I enerU  s true tur,i  I -ano I ys  I s computer  programs  will  not  be  discussed 
In  detail  here,  j*.  this  theory  is  well  known  and  well  documented.  The  basic  approach,  however,  Is  to 
develop  a model  or  "stiuctura!  Mu a I 1 2 at i on"  of  the  component,  using  discrete  structural  elements  such 
os  plated,  beams  and  rods  having  defined  stiffness  properties. 

The  utility  of  these  techniques  for  structural  vulnerability  analysis  lies  In  the  fact  that  struc- 
tural damage  can  be  Incorporated  into  the  model  by  altering  * he  stiffness  properties  of  the  damaged 
elements.  This  alteration  must  be  made  using  damaqe  models  of  the  type  discussed  previously  that  relate 
damage  si ve  to  threat,  and  that  relate  stiffness  degradation  to  damage. 

Usinq  the  altered  element  stiffness  properties,  the  finite-element  computer  program  can  then 
reanalyze  the  structure  and  develnp  the  red  I sir ibut Ion  of  element  stresses  caused  by  the  damage.  The 
strenqth  capability  of  the  damag  structural  component  for  any  desired  fliqht  loadlnq  condition  can  then 
be  determined  by  comparing  the  redistributed  element  stresses  with  structural  failure  criteria  for  damaged 
elements  and  c rack-ar rest  Ing  structure. 

Figures  25  to  28  show  key  aspects  of  the  application  of  finite-element  structural  analysis  to  damaged 
structure.  Figure  25  l>  the  nodal  diagram  for  « wing  section  under  analysis.  Considerable  engineering 
judgment  must  be  applied  In  preparing  a nodal  diagram  that  will  ensure  realistic  results. 
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figure  26  Is  the  element  diagram,  Indicating  the  various  elements  selected  for  the  Idealization. 

Typical  element  select  Ion  might  include: 

1.  Upper  and  lower  skin  plates--  Stiffened  plates  carrylnq  shear  r.uJ 
axial  load.  Stiffeners  were  Included  as  part  of  the  plate  p.opertles. 

2.  Spar  and  rib  web  plates--  Spar  webs  were  modeled  as  plates  capable 
of  carylng  shear  only. 

3.  Spar  and  rib  stiffeners--  These  elements  were  modeled  as  beams 
carrying  axial  load. 

k.  Spar  chords--  All  spar  chords  wore  modeled  as  beam  elements 


Figure  26.  Wing  Elerrmit  Diagram 


Figure  27  shows  the  loads  applied  ut  the  nodes  for  a particular  flight  loading  conditions.  For  example, 
these  loads  may  be  selected  to  represent  flight  conditions  at  limit  load  factor,  or  any  load  factor  nr  Interest. 

The  modeling  developed  at  this  point  Is  that  of  the  undamaged  structure.  The  program  should  now  be  run 
so  that  element  stresses  and  deflections  for  the  undamaged  case  are  available  for  comparison  wkh  the  damaged 
cases.  Following  this,  elements  are  altered  as  shown  in  Figure  28,  In  accordance  with  a damage  model  for 
the  threat  considered.  The  reanalysls  Is  then  completed  to  determine  member  strerses  and  deflections  for 
the  damaged  component.  The«e  results  must  then  be  compared  with  failure  criteria  for  both  damaged  end 
undamaged  elements 

Ml.  4 FAILURE  CRITERIA  FOm  DAMAGED  STRUCTURE 

Haying  established  che  extent  of  damage,  and  the  stress  levels  in  members  for  a given  external  loading 
condition,  residual  structural  performance  can  be  estlnuted  by  comparing  the  stress  levels  In  both  damaged 
and  undamaged  elements  with  structural  failure  criteria.  These  failure  criteria  include  net  section 
strength,  buckling,  attachment  failure,  crippling,  and  fracture.  Stiffness  degradation  may  alio  lead  to 
flutter-related  failure  modes. 


Figure  27.  W/iij  Martel  Loads  Diagram 
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Figure  28.  Svhenu(ic  of  Oamagud  Wing  Mode/ 


rracture  of  tension  members  is  one  of  the  most  significant  failure  modes  for  projectile  damaged  struc- 
turt,  and  considerable  research  has  ^een  done  leading  to  the  development  of  failure  criteria.  Some  ot  this 
development  Is  described  in  the  following  paragraphs  p for  both  rtructural  elements,  and  crock  arresting 
structure. 


III.  4.1  FRACTURE  OF  STRUCTURAL  ELF  ME  MTS 


Typical  element  tensile  strength  behavior  is  shown  schemat leal! y in  Figure  29.  In  ductile  materials, 
or  whsn  the  type  of  damage  results  in  low  stress  concentrat i cn , the  residual  strength  behavior  depends  on 
the  net  area.  This  is  defined  as  note h- insens i t I ve  fracture  behavior.  This  hehevfor  describes  the  least 
severe  damage  (greatest  strength)  for  wircroft  structure.  The  analysis  of  residual  strenoih  for  this 
behavior  Is  5 1 ra  1 ghtforv;ard  . 
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Figure  29.  Verier ‘an  in  Frscturt  Fiespnme  With  Feilurt  Mode 

The  most  severe  damage  (lowest  strength)  consists  o f sharp  cracks  In  brittle  materials.  This  results 
In  high  stress  concentrat Ions  with  little  ductility  and  a response  characterized  as  notch-sens  1 1 1 ve . This 
behavior  Is  normally  associated  with  fa t Igue-crack  damage,  and  fracture  mechanics  (K  ) Is  used  for  the 
ana lys Is . 

The  tensile  strength  of  bal I Istlc-damaged  panels,  based  on  transverse  damage,  often  does  not  fit 
either  of  these  categories,  but  Is  located  In-between  (referred  to  as  transition  behavior).  The  tran- 
sition behavior  for  ba  1 1 1 st  Ic-damaged  materials  ts  due  to  the  bluntness  of  the  notch  resulting  from 
ballistic  Impact.  A modification  of  the  fracture  mechanics  technique  has  been  developed  from  test  data 
for  predicting  the  residual  strength  of  ballistic  damaged  structure  (A£). 

An  additional  consideration  Is  vital  to  structural  vulnerability  assessment:  The  strength  of  the 

structure  Is  Influenced  by  he  loadings  and  effects  Induced  by  the  Impact.  Because  of  this,  structural 
elements  may  not  be  able  to  carry  the  same  load  during  Impact  as  Immediately  after  Impact. 


Impact  fracture  Is  a term  used  to  describe  the  fracture 
Impact.  This  type  of  fracture  occurs  when  local  cracks,  loll 
tlon  through  the  structural  member.  Unless  the  crack  propuga 
tural  member  will  not  survive  the  Impact.  This  failure  mecha 
fa  I lure . in  that  residual  strength  failures  occur  when  survlv 
Increased  loadings  until  fracture  occurs.  Figure  30  depicts 
threshold  level  termed  "Impact  fractu.e  strength"  can  be  defl 
Influence.  The  analysis  of  Impact  fracture  behavior  follows 
technique  using  a parameter,  A'c,  to  define  the  threshold  val 
toughness) . 


of  a stressed  tension  panel  Immediately  upon 
lated  by  the  Impact,  undergo  rapid  propaga- 
tion Is  arrested  In  some  manner,  the  struc- 
nlsm  Is  distinct  from  the  residual  strength 
Ing  (but  damaged)  panels  are  subjected  to 
this  distinction.  From  available  data,  a 
ned,  representing  the  onset  of  prestress 
a modification  of  the  fracture  mechanics 
ue  for  Impact  fracture  (Impsct  fracture 


The  remainder  of  this  section  describes  analysis  methods  for  predicting  the  tensile  strength  of 
damaged  structural  elements.  As  Indicated  In  Figure  , these  methods  are  based  on  linear  elastic  fracture 
nrncher.  I cs . 

Ac  - BALLISTIC  DAMAGE  RESIDUAL  STRENGTH 

A technique  has  been  used  for  estimating  the  residual  tensile  strength  of  bal 1 1 St tc-damaged  panels  by 
nlng  a stress  'menslty  ‘actor  for  gunfire  damage,  Ac,  by  the  relation: 


ief  I 


Ac  - oc  ( j TLD) 


1/2 


where 

gross  stress  at  failure 


TLD  * maximum  transverse  lateral  carnage, 
as  shewn  In  figure. 


Figures  32,  and  33  show  a comparison  of  A values  for  7075-T(  from  Reference  3 compared  with  typical 
values  of  K . 


It  Is  believed  that  the  trend  shown  In  th6  figure  Is  typlc  ’ for  metals  and  that  the  relative  posi- 
tion of  the  ballistic  danuqe  fracture  data  depends  primarily  upon  the  extent  of  cracking  Inflicted  by  the 
Impact.  In  general,  the  tendency  to  crack  decreases  as  thickness  Increases  beyond  a t/D  ratio  of  approx- 
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Figure  30  Gere  el  lie ,n\  c,f  Loaded  Pane/  Impacted  by  Projectile 
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Figure  31.  Summary  of  Fracture  Mechanics  Analysis  of  Damaged  Structure 
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Figure  33.  Comparison  of  Ac  with  Kc . Longitudinal Orm'n  7Q7S-T6 
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Figure 33 . Comptrhcn  of  Ac  with  Tnnvmtt  Cnln  7076-T6 

Imately  1:3-  Consequently,  It  would  be  expected  that  the  fracture  response  of  Impact -damaged  sheet*  will 
become  more  notch- Insensitive  as  thickness  Is  Increased. 

Ac  Value*  for  Metals 

Values  of  Ac  ar*  determined  experimentally  by  pulling  damaged  panels  until  tensile  failure  occurs. 
Reference  3 presents  a detailed  analysis  of  A-  determinations  tor  2Q2e-T8l,  7Q7S-T6  and  6AI-RV.  Tha 
average  values  of  Ac  are  sunmarUed  In  Table  1,  along  with  the  standard  deviation*  and  standard  error  of 
the  mean. 

It  should  be  mentioned  that  cyclic  loading  after  ballistic  damage  may  (ncreasa  tha  shaVpness  of  tha 
effectiva  notch.  This  may  occur  quickly  (with  faw  cyclic  load  applications}  In  some  applications,  and  a 
decision  must  be  made  whether  to  bate  strength  predictions  on  Ae  nr  Kc< 


Ac  Values  far  fiber  Composites 


Analysis  of  aval  labia  data  (Reference  5)  has  Indlcaiad  that  tha  tanslla  strength  of  boron/epoxy  and 
graph tte/epoxy  panels  damaged  by  smell  caliber  bullets  can,  In  many  casas,  ba  predicted  using  a modifica- 
tion of  the  technique  for  metal*.  The  modification  consists  of  uilng  an  "effective”  transverse  lateral 
demeg.  (UO)  as  defined  previously  In  Figure  21.  This  spprgach  has  alto  found  application  In  fracture 

analysis  of  composites  containing  flaws  other  titan  ballistic  damage.  ; 
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TABLE  I:  Average  Values  of 


material 

A 

c 

( ks  1 /in) 

STANDARD 
DEVIATION 
(ks  1 /i  n) 

STANDARD  ERROR 
OF  THE  MEAN 
(1  si  /Tn) 

NUMBER 

OF 

TESTS  n 

2024-T8I 

(TRANSVERSE 

CRAIN) 

S3  5 

8.3 

it. 2 

4 

7075-T6 

(TRANSVERSE 

GRAIN) 

65. 6 

12.6 

2.8 

20 

7075-T6 

(LONGITUDINAL 

CRAIN) 

31.9 

14.9 

2.7 

31 

6AI-4V 

(TRANSVERSE 

GRAIN) 

1620 

25  5 

5.3 

23 

Available  ballistic  results  for  fiber  composites  iuyed-up  In  the 
been  correlated  effectively  by  the  relation: 


*’c 

F 

tu 


0. 


^5. 


90  configuration  family  have 


The  data  w.iS  presented  as  $l*own  in  Figures  3^  and  35«  and  average  values  of  ^c/^tu  w*re  for  each 

material  c lass i f ic at  ion . In  addition,  statistical  data  was  geneiuted  for  each  material  to  establish 
allowable  values  as  presented  in  Table  11. 


TABLE  II:  Boron/Epuxy  & Graph  I r.e/Epuxy  Data 


material 

V-tu  ''in 
AVERAGE 

STANDARD 

DEVIATION 

.95  C0NF. , .90  RR0B . 

Graph i Le/Epoxy 

• 574 

.038 

• 393 

Borgn/Epoxy 

■ 509 

.059 

.401 

Graph i te/epoxy  on  the  average  retained  a greater  percentage  of  Its  strength  than  boron/epoxy;  but  the 
variability  was  greater  fur  the  graph  I te/epoxy , resulting  In  nearly  the  same  "B"  allowable  (.95  confidence, 
.90  probability)  for  the  two  materials. 

Figures  36  and  37  define  prel Imlnary  residual  tensile  strength  allowable  data  for  boron  and  graphite/ 
epoxy  panels  of  0,  ^5.  90  lay-up,  based  on  the  test  data  available  for  cons  1 dpra  t lun . 

Impact  Fracture  Analysis 


In  Reference  3.  the  possibility  of  predicting  impact  fracture  in  a manner  analogous  to  that  used  for 
rrsidual  static  strength  was  examined.  As  desci  ibed  above,  the  static  fracture  behavior  (residual  strength) 
of  Impact-damaged  panels  has  been  character i 41‘d  by  Ac,  the  stress  Intensity  factor  for  impact  damage.  A 
similar  character  I /.it  Ion  for  impact  fracture  is  given  by  the  formula: 


1 ' - / . 1 ( ~ TLD) ‘ 1 /2  where 

c c 2 

■?'  « threshold  applied  stress  for  impact  fracture 

* threshold  stress  Intensity  factor  for  impact 
^ fracture 

TLD  ■ transverse  lateral  damage,  (the  maximum  com- 
ponent of  damage  transverse  to  the  applied 
stress  due  to  projectile  Impact). 

There  Is  very  little  data  available,  however,  for  pursuinq  this  charac ter  I za t i on , except  fo.  transverse 
grain  7075"T 6 reported  in  Reference  3.  Evaluations  of  A 1 for  7075"TA  are  compared  with  a Kr  data  envelope; 
in  Figures  38  and  39.  The  A'  estimates  fall  within  the  Kc  envelope;  however,  tlieA'c  data  tends  to  fall 
in  tlie  lower  region  of  the  envelope.  The  ranne  of  A' c for  transverse-gra in  7075-T6  Is  between  33  and 
59  ksi  VTn.  It  should  be  noted  that  these  values  are  substantially  below  the  A . values  for  this 
material , demonstrating  that  threshold  levels  for  stressed  panels  are  generally  lower  than  the  residual 
strength  of  similarly  damaged  panels. 
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Figure  36.  Residual  Strength  Oete  for  Graph! f /Epoxy  Paneit  Containing  Projectile  Damage 


Figure  36.  Residual  Tension  Strength  Allowables  for  Boron/Epoxy 


Figure  37.  Residual  Ten  iron  Strength  Allowables  fn  Graph!  f /Epoxy 
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‘iguru  38.  Imiuct  Frtctun  Tough  nett  A't  tnd  Kc  of  Longitudintf  Gran  707S-T6 


707&-T8  TramwarM  Grain 


III  4.2  FRACTURE  OF  CRACK  ARRESTING  STHUCTUHE 

Aircraft  structure  In  most  cases  is  nut  configured  as  a monolithic  panel.  For  example,  wing  structure 
generally  consists  ot  skin  with  riveted  stiffeners.  The  stiffeners  can  provide  damjge-conta I nmen t or  crack- 
arrestment  capability  tii.n  Is  n->t  considered  In  the  element  residual  strength  analysis  procedures  described 
above.  Since  the  crm  l-ar rest'  ant  capab 1 1 i t y can  significantly  imnrove  the  residual  strength  of  battle- 
damaged  strurturr,  the  stiffen  ng  must  be  Included  In  the  analyst*. 


",p  residual  strenqth  of  stiffened  structure  damaged  by  weapon  fire,  the  type  of  damaqe 

1 " ihlished.  Figure  kO  presents  several  typical  damage  configurations.  In  Figure  kOa  the 
■'  1 i".-l  to  the  sltin  area  between  tl«;  stiffening  elements.  This  would  be  typical  of  a small-arms 

: ski“  between  stiffeners.  In  Figure  kOh  the  damage  is  confined  to  the  skin  but  reaches  Into 

1,1 This  damage  configuration,  used  In  fat  igue-damage  analysis.  Is  probably  not  typical  for 
■'•II-  " up-  When  the  skin  damage  extends  Into  more  than  one  bay,  the  intermediate  stiffener  normally 
" 1 1 1 r-  l,"'*"l‘,d.  This  is  Illustrated  in  Figure  kOc  where  both  the  skin  and  stiffener  are  damaged  with  the 

extending  Into  two  skin  bays.  Oamaqe  of  this  type  generally  would  be  considered  the  critical 

'. r * ' J'*  I oerabi  I I ty  analysis.  Many  impacts  could  damage  several  skin  bays,  and  sever  all  the  Inter- 

j f fcnlng  elements.  For  the  particular  case  Investigated,  the  threat  and  structural  parameters 
'■  r 1 stiffener  spacing  would  be  used  In  establishing  the  extent  of  damage. 

The  failure  of  a stiffened  panel  containing  damage  of  the  type  Illustrated  In  Figure  kOc  depends  on 
' ' t ical  i ty  of  each  panel  component.  Figure  kl  lllustra  s schematically  the  critical  components  In 
"ln'>  Panel*'  As  shown,  the  critical  skin  stress  In  an  u.  .tiffened  panel  follows  the  basic  relationship 

‘ " Fc.  The  critical  skin  stress  Is  Improved  by  the  stiffeners  when  the  crack  tip  Is  near  the  stiffeners 

'll/)  ~ S) . As  noted,  however,  th  stiffener  stress,  because  of  the  stress-concentration  effect  of  the 
■ I." iagr , can  become  critical  for  larger  damage  sizes.  Also,  the  loading  In  the  fastener  attaching  the 

.tiffeners  to  the  skin  near  the  crack  tip  can  approach  a critical  level  resulting  In  an  unzipping  of  the 


1 M) 

attachment.  For  the  total  stiffened  panel,  the  it  res?,  level  tor  crack  propagation  corresponds  to  the 
critical  skin  stress  (K  » Kc  In  ths  stiffened  skin).  As  can  be  seen  in  the  flqure,  for  Intermediate  crack 
lengths  (TLD  less  than  S),  the  skin  Is  more  critical  than  for  larger  cracks  (TLD  « S) . This  results  In 
cracks  that  run,  but  these  may  arrest  at  the  stiffener. 

Stress  analysis  must  be  performed  In  order  to  quantify  the  failure  levels  for  specific  bul)t~up  Con- 
f iqurat Ions.  This  analysis  Is  identical  to  that  performed  for  fail-safe  requirements  due  to  non-ba l 1 1 st Ic 
flaws,  but  must  take  Into  account  the  effective  stress  Intensity  factor  for  ballistic  damage. 

IV.  CONCLUSIONS 

This  paper  has  desci i bed  a methodology  for  Integrating  projectile  damage  tolerance  considerations  Into 
the  structural  design  process,  along  with  related  fatigue  and  fail-safe  ciiteria.  A key  element  for  success 
In  this  task  is  the  continued  development  of  analytical  methods  that  can  establish  criteria  compliance  In 
terms  of  design  parameters. 
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SUMMARY 


Thl*  papar  gives  a brief  deacriptlon  of  a recently-developed  Structural  Strangth  Modal 
and  examines  in  graatar  datall  tha  functions  and  charactaristics  of  a Damage  Modal.  A 
discussion  of  a Shock  Wava  Modal  and  how  it  analytically  determines  tha  dynamic  raaponsa 
of  a pressurized  flat  plata  is  also  praoantad.  Tast  and  Finita  Element  results  ara  com- 
pared with  nodal-predicted  results  in  ordsr  to  determine  nodal  credibility.  Tha  pressures 
resulting  from  tha  detonation  of  amsunltion  ara  discussed  and  tha  contributions  of  each 
of  tha  prassura  components  to  tha  entire  response  ars  illustrated.  Soma  advantages  of 
an  advanced  Fragment  Modal  ara  mentioned  and  the  results  from  such  a modal  ara  coaipared 
with  appropriate  test  data.  Lastly,  the  applications  of  the  different  Damage  Submodels 
with  respect  to  a honeycomb  structure  are  shown. 


1.  INTRODUCTION 

A relevant  question  for  tha  design  of  a military  aircraft  is 

how  sansltiva  is  the  structure  to  tapacta  of  different  kinds  of  assnunltion? 

The  investigation  of  this  question  results  in  the  following  statements:  if  tha  airplane 
has  been  hit 

- the  airplane  is  totally  operational  or 

- only  the  mission  can  be  finished  or 

- the  mission  ability  is  reduced  or 

- tha  airplane  is  no  longer  flyable. 

Some  tests  have  been  performed  to  analyze  the  influence  of 

• different  kinds  of  esssunltlon 

- different  airplane  designs 

- different  locations  of  the  hit  points  on  the  structure  and  so  on. 

As  a result  of  these  shooting  tests  and  additional  ultimate  load  tests,  it  has  been 
determined  that  the  most  sensitive  structural  parts  of  an  aircraft  are  the 

- wings  and  the 

- empennage . 

The  fuselage  haa  also  been  pertly  destroyed.  However,  for  most  of  this  structural  part 
the  ins ids  cemponants  are  dominant. 

This  was  tha  raason  why  damagad  and  undamaged  winge  and  empannagee  have  been  Investigated. 
These  invsstigationa  have  been  done  for 

- given,  specific  wing  and  empennage  designe 
and  for 

- different  design  principles. 

(Fig.  1 shows  some  of  tha  diffarent  investigated  structural  dasigns.) 

For  those  anelyeee  a computer  model  has  been  developed,  a so-called 


Structural  Strength  Model 


2. 


STRUCTURAL  STRENGTH  MODEL 


By  using  the  Strutural  Strength  Medal  it  la  expected  that  the  reduced  1 ad  carrying 
capacity  of  the  damaged  aircraft  can  be  obtained.  To  aquire  thie  information  it  la 
necesaary  to  calculate  the  atreaa  flelda  of  a damaged  aircraft  atructur#  loaded  with 
the  actual  loada  which  are  preaent  during  the  mlaaion.  A very  effective  and  powerful 
method  to  calculate  the  atreaa  flelda  la  the  Finite  Element  Method.  The  moat  important 
advantage  of  thla  method  la  the  flexibility  in  modelling  rtructuree.  Thia  becomes 
essential  for  structural  changes  which  are  caused  by  damage  due  to  ammunition. 

The  damaged  structural  areas  can  be  considered  to  be  holes  with  cracks,  removed  panels, 
destroyed  bars  and  so  on.  Apparently,  there  are  different  criteria  which  determine  the 
reduction  in  load  carrying  capacity.  Most  of  these  criteria  are 

- fracture  mechanic  criteria 

- ultimate  strength  or  strain 

- stiffness  criteria 

- stability  criteria  and  so  on. 

(Ses  Ref.  I and  2) 

The  model  used  to  predict  the  residual  loads  of  damaged  structures,  taking  into  account 
the  above  criteria,  Is  our  so-called  "Structural-Strength-Model"  (see  Fig,  2). 

Essential  inputs  for  this  model  are 

- data  of  the  wing 

- load  distribution  and  the 

. - destroyed  areas  of  the  structure. 

As  a result  of  damaged  structural  areas  the  aerodynamic  loads  can  also  be  changed.  To 
take  Into  consideration  this  additional  effect,  an  Aerodynamic  Model  Is  available  (see 
Fig.  2).  This  model  is  based  on  a Panel  Method. 

However,  the  most  Important  Information  1*  the  daacriptlon  of  the  destroyed  area  of  the 
structure.  The  prediction  of  these  values  has  been  accomplished  by  a Damage  Model 
(see  Fig.  2). 


1.  DAMAGE  MODEL 

The  overall  damage  of  a structure  caused  by  projectile  hits  Is  based  on  different  damage 
mechanisms,  lor  high  explosive  ammunition  these  damage  mechanisms  are  the 

penetration  and  perforation  effect  of  the  total  ammunition  (impact  of  the 
ammunition ) 

- shock  wave  effect  caused  by  thu  detonation  of  the  shell 
internal  overpressure  effect 

penetration  and  perforation  effect  of  the  fragments  of  the  ammunition 
hydraulic  ram  effect  and  so  on. 

The  flow  chart  of  these  models  is  shown  In  Fig.  1. 

On  the  other  hand,  some  results  from  real  field  tests  with  different  types  of  wings 
and  empennages  are  available.  These  test  results  are  necessary  to  check  and/or  scale  the 
model  results  und  to  obtain  the  degree  of  confidence  in  the  model  predictions. 

For  the  impact  of  the  ammunition  the  destroyed  areas  can  be  described  by  a function  in 
which  the  ignition  delay,  the  material  properties  and  the  kinds  of  ammunition  are  in- 
cluded. The  other  effects  are  described  by  more  complicated  models. 


.1  Shock  wave  model 

I lg.  4 shows  the  most  critical  areas  for  the  influence  of  the  internal  overpressure  end 
the  shock  wave  of  the  ammunition  as  a result  of  different  field  tests  with  certain  kinds 
o ammunition.  This  figure  indicates  that  most  of  the  sensitive  areas  can  be  described 
1 / time-dependent  pressure- loaded  thin  flat  plates. 

- thin  plate  can  be  so  highly  loaded  that  the  deflection  is  much  larger  than  the  thick- 
ness of  the  plate  without  failure.  Therefore,  a second  effect,  which  ran  be  described 
as  a "cable-effect",  occurs  and  leads  to  tension  in  the  entire  ^ 'te.  In  addition,  it 


auft  be  taken  Into  account  that  the  material  can  be  deformed  Into  tha  elasto-plastlc  ) 

raglon.  Hanca,  to  daacrlba  tha  bahavlor  of  a loadad  thin  plate,  tha  following  physical 
affacta  hava  to  ba  considered 

- time  dapandant  load  function 

- nonllnaar  atlffnaaa  of  tha  atructura 

- nonllnaar  Material  behavior 

- different  failure  mode a. 

Our  lnvaatlgatlon  of  thia  problem  raaulted  In  tha  declaion  to  develop  a modal  which  la 
aanaitlva  enough  to  take  into  conaldaratlon  all  of  tha  above  mentioned  parametera. 

Thia  awidel  would  ba  a one-dimer.alonal , maaa-apring  ayetem  where  tha  apring  atlffnaaa  la 
a function  of  tha  deflection. 

1.1.1  Static  deflection  behavior  of  a thin  plata 

The  atatlc  deflection  bahavlor  of  a thin  plata  has  bean  deacrlbed  by  a euperpoaltlon  of 
the  banding  mode  and  of  tha  affect  of  extending  tha  plata  as  a function  of  central  de- 
flection. The  deflection  as  a function  of  loading  has  been  considered  for  both 

- elastic  material  behavior  and 

- perfectly  plastic  material  behavior. 

A more  detailed  description  is  shown  in  Tab.  1.  It  also  shows  the  model  used  to  describe 
the  entire  deflection  behavior.  The  springs  are  nonlinear  and  tha  jump  in  tha  stiffness 
of  the  springs  Indicates  the  change  of  tha  material  behavior. 

To  check  tha  results  of  the  described  modal,  a Finite  Element  Program,  which  takes  into 
consideration  all  of  the  mentioned  nonlinear  tanas,  was  used.  The  applied  program  system 
was  MARC.  Figs.  5 and  6 show  the  comparison  between  the  results  of  the  Finite  Element 
Program  and  the  Introduced  theory  for  a clamped  square  plate  which  is  statically  loaded. 

Fig.  5 shows  the  central  deflection  ae  a function  of  the  pressure  for  low  praesures,  end 
Fig.  6 ehowe  the  function  up  to  very  high  pressuree.  The  comparison  shows  that  the 
theory  used  approaches  the  Finite  Element  results  quite  wall  for  both  material  regions. 
Therefore  this  model  is  eble  to  predict  the  central  deflection  of  a pressure  loadad  thin 
plata. 

3.1.2  Dynamic  deflection  behavior  of  a thin  plate 

The  description  of  the  dynamic  deflection  behavior  of  a thin  plata  has  been  performed  by 
using  the  same  mass-spring  system  with  the  developed  nonlinear  spring*.  A reduced  w«i  it 
which  raprasants  tha  effective  mas*  has  been  used.  With  this  modification  this  system 
gives  nearly  tha  exact  first  aigan  frequency  (tee  Raf.  3 and  4). 

The  differential  equation  for  this  problem  ie  nonlinecr  (ice  Tab.  2).  The  solution 
technique  used  ie  an  integration  of  the  piecewiaa  linear  differential  aquation  with 
raspect  to  tha  actual  total  pleta  stiffness.  The  different  material  bnhavlor  for  loading 
and  unloading  has  also  been  considered  and  tha  pressure  has  been  described  by  a piece- 
wise linear  function  of  tlma  (sea  Tab.  2). 

A vary  important  question  was  tha  precision  of  the  prediction  of  tha  deflections  and 
stressas  with  this  modal. 

First,  for  test  examples  the  dynamic  behavior  was  calculated  with  both 

- tha  modal  and  with 

- tha  Finite  Element  Method. 

The  Finite  Element  Program  used  was  again  MARC. 

Fig.  7 shows  the  comparison  of  the  results  from  both.  The  essential  result  ic  the 
maximum  deflection,  and  thaea  values  differ  by  less  than  3 X.  Only  th«  starting  phase 
la  different,  but  the  maximum  value  ie  reached  at  nearly  the  tame  time. 

Second,  for  soma  available  test  results  from  tha  U.S.  (tea  Ref.  5),  the  deflection  end 
failure  modes  wart  calculated.  Fig.  8 shows  tha  comparison  of  tha  calculated  and  measured 
results.  For  ail  of  these  examples  tha  maximum  deflection  or  failure  modes  are  in  good 
agreement  (differences  less  than  10  X).  Therefore,  it  is  possible  to  predict  tha  dynamic 
deflection  bahavlor  of  thin  platea  with  tha  described  model  and  obviously  with  tha 
Finite  Element  Method.  However,  for  a large  number  of  parametric  investigation* , the 
model  ie  more  economical. 


m 


1.1.3 


Pressure  as  a function  of  time 


The  detonation  of  a high  explosive  ansnunition  inside  a given  volume  results  in  an 
incrrase  of  pressure  within  the  volume.  There  are  two  effects  • the  internal  over- 
pressure and  the  pressure  from  the  shock  wave. 

Fig.  9 shows  the  overpressure  from  an  ammunition  as  a function  of  time  for  two  different 
venting  areas.  The  overpressure  is  also  a function  of  t‘ .e  size  of  the  volume.  However, 
the  shock  wave  is  governed  by  the  distance  from  the  detonation  point  to  the  investigated 
point.  In  Fig.  10  the  reflected  pressure  as  a function  of  time  is  shown  for  different 
radii.  A result  of  this  investigation  is  that  the  maximum  pressure  decreases  and  the 
action  time  increases  with  increased  distance  from  the  detonation  point.  The  pressure 
values  shown  are  obtained  from  a U.S.  model  which  is  available  for  these  investigations 
(see  Ref.  0).  The  Internal  overpressure  charges  the  entire  surface  of  the  panels  with 
the  same  magnitude  of  pressure.  In  the  case  of  the  shock  wave  the  total  load  on  the  sur- 
face area  must  be  determined  by  integrating  over  the  entire  panel  surface.  The  pressure 
from  the  shock  wave  is  constant  on  a circle  of  given  radius  (see  Fig.  11).  Fig.  12  shows 
che  maximum  shock  wave  pressure  as  a function  of  the  radius  r and  the  affecting  pressure 
at  a specified  time  after  detonation.  R (t)  represents  the  listance  the  shock  wave  has 
travelled  as  a function  of  time  after  detonation.  A corresponding  integration  procedure 
is  accomplished  within  the  model. 

3.1.4  Influence  of  Internal  overpressure  and  shock  wave 

In  order  to  determine  the  correct  response  of  a pressure-loaded  panel  It  is  necessary 
to  consider  the  simultaneous  influence  of  both 

internal  overpressure  and 
shock  wave. 

Fig.  13  graphically  illustrates  the  Interaction  of  the  internal  overpressure  and  the 
shock  wave.  In  the  example  shown  the  deflection  is  greater  than  the  allowable  strain 
limit.  The  strain  limit  is  not  reached  in  the  rases  of  the  individual  responses. 

3.2  Hydraulic  ram  model 

The  Shock  Wave  Model  is  able  to  describe  the  deflection  and  also  the  stresses  and 
strains  in  a dynamically  loaded  flat  plate  structure  which  is  used  for  some  tanks. 
However,  when  a hit  occurs  in  the  tank  system  a very  complicated  prrssure-time-history 
has  to  be  calculated.  An  additional  problem  Is  to  find  out  the  material  properties  as 
a function  of  strain  rate  for  different  types  of  e.g.  rubber  material. 

Hence,  if  this  information  is  available,  the  Shock  Wave  Model  can  also  be  used  to 
predict  the  hydraulic  ram  effect  for  the  surrounding  panels. 

3. 3 Fragment  penetration  model 

Our  first  Fragment  Penetration  Model  corsisted  of  a box  with  all  of  the  real  cross 
sections  of  a portion  of  the  wing.  However,  the  format  of  this  box  was  rigid  (see 
Ref.  2).  To  Improve  the  flexibility  of  this  model,  an  advanced  model  has  been  developed. 
For  the  stress  and  strain  calculation  the  Finite  Element  Method  has  been  applied.  There- 
fore, u definition  of  the  structure  with  a similar  description  for  both 

the  Finite  Element  Method  and 
- the  Fragment  Penetrat'on  Model 

has  been  found  to  be  very  useful.  A further  advantage  is  the  applicability  of  this  model 
to  different  kinds  of  structure.  With  this  model  it  is  possible  to  Idealize  structural 
parts  in  as  much  detail  as  necessary. 

Fig.  14  shows  an  example  of  a portion  of  a modelled  wing  with  honeycomb  panels.  The 
model  predicts  the  fragment  penetration  points  on  the  panels.  In  addition  the  model 
calculates  the  depth  of  fragment  penetration,  and  this  represeni j a distinct  advantage 
of  the  new  model.  This  analysis  capability  is  essential  in  Investigating  relatively 
thick  panels  (for  example,  for  the  defintion  of  three  dimensional  cracks  in  these  thick 
panels). 

In  Fig.  15  a thick  panel  of  a wing  is  shown.  The  letters  indicate  fragments  which  are 
not  able  to  perforate  the  oanel  and  the  numbers  indicate  points  where  the  panel  is 
penetrated.  (More  than  60  "L  did  not  go  through  the  pi.  ■!.) 

Figs,  10  - 19  demonstrate  a comparison  between  model  predicted  results  and  field  test 
data . 


Fig.  16  shows  the  spars  and  riba  of  tha  a true Cura  and  Fig.  17  glvaa  further  information 
about  tha  uaa  i honeycomb  panels. 

Tha  r rodlctcd  results  are  shown  in  Fig.  18  and  In  Ff.g.  19  tha  raal  taat  raault  la 
llluat.rated.  Aa  a raault  of  tha  comparison  it  can  be  aaan  that  the  modal  pradictiona 
are  in  good  agreement  with  the  ?et  data. 


4.  HIT  SENSITIVITY  OF  A HONEYCOMB  STRUCTURE 

For  a military  aircraft  it  la  vary  important  to  chooa*  a daaign  which  lias  a low 
structural  responds  to  impact  damage.  An  analyaia  haa  bean  performed  to  invaatigata  tha 
behavior  of  a honeycomb  structure  which  haa  incurred  projectile  hita.  Tha  honeycomb 
panala  have  a higher  banding  stlffnaca  than  that  of  a atiffened  panel.  In  addition,  thu 
structure  of  the  honeycomb  panel  conilata  of  two  plataa  and  consequently  different 
affects  can  ba  expected. 

4.7  Pressure  affect 

Panel  thickness  ia  ona  of  tha  ecaantial  values  in  date'  ing  the  tension  of  a honeycomb 
structure  and  a stiffanad  panel. 

To  investigate  the  influence  of  different  banding  stiffnesses  and  equal  entire  thicknesses 
tha  Shock  Wave  Kodel  has  beer,  applied.  The  results  of  this  investigation  art  shown  In 
Fig.  20. 

This  comparison  shews  that  there  is  no  significant  diffarance  between  the  designs.  Hence, 
the  increased  stiffness  does  not  give  an  advantage.  (This  result  is  in  agreement  with 
our  shooting  test  data.) 

4.2  Fragment  effect 

To  determine  fragment  effect  for  tha  honeycomb  structure  end  the  stiffened  panel  designs 
the  Fragment  Penetrating  Model  haa  been  applied.  Fig.  21  shows  a result  for  a stiffanad 
panel  daaign.  A large  region  ia  dastroyed  by  the  fragments.  In  addition  to  that  Fig.  22  a 
shows  tha  inaida  panel  of  a honeycomb  structure.  A comparison  of  Fig.  21  with  Fig.  22a 
ahowa  that  the  perforation  of  the  panel  for  the  inside  honeycomb  plate  la  slightly  largar. 
However,  the  result  for  tha  outside  plate  ia  different.  Thera  era  only  a few  fragments 
which  have  penetrated  this  plate.  The  prediction  la,  that  the  outside  plate  of  the 
honeycomb  structure  is  not  destroyed  by  che  fragments. 

4.3  Com’>  Ined 

In  the  ceae  of  the  example  shown  the  pres aura  affect  ia  dominant.  Therefore,  there  ie  no 
significant  difference  between  the  honeycomb  and  tha  stiffanad  panel  design  If  the  number 
of  riba  end  spar*  and  the  thlcknese  ere  the  same.  However,  If  tha  increased  stiffness  of 
the  honeycomb  panels  uaed  to  reduce  the  thickness  and/or  tha  dlssenelone  of  tha  othar 
structural  parts  an  increased  vulnerability  would  be  expected.  For  e smaller  ammunition 
or  an  ammunition  with  a smaller  pressure  effect,  the  honeycomb  design  provides  some 
advantages 


REFERENCES 

1.  Maasmarn,  J.  (IABG):  Invaatigation  About  Xaaldual  Strength  of  Daamged  Structures. 
lCAF  Conference  1973,  LBF-Report  S-108  ff. 

2.  Masemann,  J.  (iABG)t  Structural  Response  tc  Iapect  Damage.  AG ARD- Report  No.  633 

3.  MasiBsnn,  J.  (IA2C):  Schrittwoiee  Entwlcklung  elner  Berechnungs- , Prtif-  und  Kon- 
s trukt ions vors thrift  fllr  luftatoBbelaetete  Schutsraumtore,  dricter  Schrltt. 
IAB/’-Bericht  Nr.  B-Tf-411,  Ottobrunn  - 30.  8.  73 

4.  Maesaann,  J.  (iABC)t  Gasschlagmodall  xur  Barachnung  dcr  Mraitlensvlrkung  in  FJ.ug- 
sa'ighohlrkuman.  IABG-Berlcht  Nr.  B-TF-484,  Ottobrunn  - 22.  12.  74 

3.  Proctor,  .I.F.s  NOL- Internal  Mast  Damage  Mechanisms  Computer  Program. 

Naval  Ordnance  Laboratory,  Uhita  Oak  Silver  Spring,  Maryland,  31  August  1972 


Eoaa,  C.A.  and  W.S.  Stricklands  Raaponaa  of  Flat  Plate*  to  Fuel  Air  Explosive, 
Technical  Briefing*,  Volume  II,  USA  Ballistic  Raaaarch  Laboratories,  Abardaan 
Proving  Ground,  Maryland,  24  - 2b  April  1974 


2-7 


TABLE  1 


Suite  Deflection  Behavior 


1.  Pl*t* 


for  elastic  tutorial  behavior 


p • A - * W 

for  perfectly  plait ic  Material  behavior 
p ■ A - conat 

2,  Thin  plete  with  large  deflection  (without  bending  etiffneea) 

p >4 

— \ 


for  elastic  Material  behavior 

p • A ~ K2  * W2  + K3  * W3  + . . 

with 

K2>  K3  aeo 

for  perfectly  plastic  Material  behavior 
p • A - K * W 

3 . Model  to  deecrl be  the  entire  static  deflection 


Si 


* V 


elastic 


plastic  pending 


plastic  tension 


TABLE  2 


Dynamic  Deflection  Behavior 


Model i 


Differential  equation: 

■r^d  * W + C(W)  . V - p(t)  * A 


Pressure  mt  e function  of  timet 


i 


Clamped  square  plate  under 
uniform  toad  p 


Comparison  of  results  from  mod?)  and  finite  elements 


A Test  Data  (US.) 


'Seated  . Pressure  from' Shock  wave  and  Intetnal- 


Fig.  13  Influence  of  internal  overpressure  and  shock  wave 
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Fig.  19  Shooting  tcit  multi 


Comparison  of  platirs  with  different 
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FLUID  DYNAMIC  ANIL. ilS  OF  NYDIAUL1C  XAM 

by 
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tod 
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SUMUkY 

The  hydraulic  raa  pressure  loading  associated  with  tha  ballistic  iapact  of  a projactila  into  aa  aircraft 
fual  call  can  cause  catastrophic  fallura  of  iha  call  and  raault  la  several  modes  of  aircraft  kill,  such  aa 
(ual  starvation,  axploaioo,  aod  fira.  la  additioa,  hydraulic  raa  praaaura  puiasa  is  tha  fual  can  damage 
critical  cosyoctactt  within  tha  call  aad  covenants  lying  outside  of  and  adjacent  to  tha  ceil  walla. 

This  paper  auaaariaaa  ongoing  work  aiaed  at  providing  a theoretical  basis  for  predicting  hydraulic  raw 
phenomena.  A nodal  bat  baas  davalopad  for  pradicting  fluid  praaaura  fialda  gaaaratad  by  tumbling  military 
■waimlt ion.  Derivation  of  thu  nodal  la  described,  aad  coepariaao  with  aspsrlaaatal  data  la  ahoun.  Agree" 
Bent  of  the  aodal  was  quite  good  with  Shota  fired  into  a teat  call  with  O-degree  obliquity.  Significant 
da vial loa  of  tha  nodal  true  aaparinant  w aa  obtained  with  30-  and  43-dagree  obliquity  shots . 
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INTRODUCTION 


Cavity  radlua 
maximum  cavity  radius 

value  of  A at  point  X.  on  cha  trajectory 
projected  frontal  area  of  the  bullet 

sound  spaed  io  tile  fluid 

drag  coafflcient 

projectile  kinetic  energy 

Jacket  kinetic  energy  at  point  X^ 

projectile  ness 

iu  .I/A 

fluid  pressure 

gna  praaaura  within  the  cavity 
ambient  praaaura 

distance  I rust  point  (t,  u)  to  a point  on  tha  trajectory 

distance  true  a point  to  the  projactila 

distunes  Iron  n point  to  tha  projactila  iapact  point 

tins 

tins  of  projactila  arrival  at  a distance  X^ 
magnitude  of  the  vector  u 
fluid  velocity 

component  of  tj  in  tha  a direction 

component  of  u in  tbs  <s  direction 

projectile  velocity 

initial  projactila  velocity 

position  coordinate 

distance  along  tha  bullet  trajectory 

distance  where  Jacket  etrlpa 

bullet  ttaahliag  distances 

Parana tar  la  Eq.  (3) 

velocity  decay  coefficient 

veiues  of  g for  tumbling  bullets 

value  of  ti  for  bullet  Jacket 

source  strength 

diamy  integration  variable 

fluid  density 

retarded  tine  given  by  t - r/c 

perpendicular  diataacs  from  the  bullet  trajectory 
Integration  Halt  an  u 


Hydraulic  raa  is  a phenomenon  that  nay  causa  catastrophic  failure  of  aircraft  calls  whan  they  are  sub- 
jected to  ballistic  iapact.  During  iapact  aad  penetration  of  the  fuel  cell,  intense  praaaura  waves  are  gen- 
erated by  tha  projactila.  The  response  of  tha  fual  call  to  thia  pressure  loading  varies  according  to  its 
construction.  For  example,  tha  walls  of  aa  integral  fual  call  are  formed  by  the  aircraft  skis,  which  is 
usually  constructed  of  high-strength,  often  brittle  aetal  designed  to  withstand  normal  flight  loads.  This 
type  of  structura  con  fail  catastrophically  la  rasponae  to  hydraulic  raa  pressure  lorn 44ng  duo  to  save  re  frac- 
turing of  entrance  and  exit  walla  of  the  call.  Self-sealing  fual  calls  cne  also  be  defeated  due  to  hydraulic 
raa  by  groaa  tearing  of  tha  notarial  or  by  misalignment  of  tha  wound  edges,  thereby  defeating  tha  self  - 
sealing  process,  both  of  these  affects  become  increasingly  aavars  aa  fual  calls  became  mealier  and 


projectile  kinetic  energies  lucres* j 


Fuel-cell  failure  cah  luti  to  numerous  modes  of  aircraft  kill.  One  particularly  affective  aodt  la  fuel 
starvation  result  lug  iron  a sump  tank  being  hit  or  the  failure  of  a call  which  contains  a large  proportion 
oi  tire  total  system’*  iual.  Other  poaalbia  kill  modes  are  aaploaion  and  firs,  Ignited  by  an  incendiary  pro- 
ject! Is  or  by  secondary  Ignition  aourcaa  within  tha  aircraft.  In  addition,  tha  hydraulic  ran  praseura  pulaa 
can  directly  damage  critical  component*,  such  as  pumps  and  valves  within  tha  call,  or  it  can  lndiractly  dam- 
age components  lliat  lie  outside  oi  and  adjacent  to  Lite  call  walla. 

During  penetration  ot  the  bulk  of  the  it  1,  « pressure  field  is  generated  that  acta  to  displace  tha  fluid 
iron  the  projectile  path.  Applied  to  the  piojoclllo  surface,  these  pressures  form  tha  source  of  the  drag 
lores  tiist  decelerate*  it.  Lu  this  manuer  tha  projectile  energy  is  gradually  transformed  into  tha  kinetic 
energy  ot  lluid  motion, 

Una  ot  1 14a  most  striking  phenomenon  associated  with  ballistic  penetration  of  t lulls  is  the  formation  of 
a large  cavity  behind  the  projectile.  Tina  cavity  Is  tilled  with  a liquid  vapor  evaporated  from  tha  cavity 
surface  and  air,  which  can  enter  the-  cavity  through  the  entrance  and  exit  wounds.  Tha  pressure  of  these 
gases  is  normally  very  low.  The  dynamic  behavior  ot  the  cavity  is  loosely  analogous  tc  that  of  a cavity 
formed  by  an  underwater  explosion , The  original  outward  motion  uf  the  fluid  impound  by  tha  passage  of  tha 
projectile  is  opposed  by  the  pressure  diiterence  between  tha  ambient  pressure  ot  the  fluid  and  the  cavity 
pressure,  together  with  the  restraining  effect  oi  the  fuel-cell  walls.  The  cavity  will  thuu  expand  to  soma 
maximum  size,  and  then  begin  to  contract  until,  eventually,  it  will  close.  For  a constant  velocity  projectile, 
this  process  results  lu  a cavity  that  is  roughly  ellipsoidal  in  sliape.  The  maximum  siza  of  the  cavity  ie 
indicative  oi  the  initial  kinetic  energy  ot  Ute  outward  motion  of  the  lluid  and  restraining  iorces. 

lu  LU'st  laboratory  experiment*,  builuis  are  tired  into  a luei  '.ell  in  a uouyawed  attitude.  Since  a bullet 
is  unstable  in  this  attitude,  ft  will  tumble,  usually  within  1 toot  ot  the  impact  point  1 in  lita  tumbled  con- 
figuration,  t lu*  bullet  loses  more  energy  to  the  fluid  by  virtue  oi  lie  hydrodynamic  drag  and,  therefore,  gen- 
erate* a mui.ii  longer  cavil v.  Ah  the  cavity  begins  to  cullapsu,  it  usually  relaxes  into  a spherical  shape 
centered  roughly  at  the  point  ui  bullet  tumbling.  The  gas  trapped  will  rebound.  Thus,  the  cavity  may  oacll- 
late  through  several  such  cycles  until  Uie  energy  ot  the  fluid  is  di*slpated«  bach  rebound  of  tha  cavity  la 
accompanied  by  a pressur**  f . The  peak  pressure  and  pulse  width  depend  on  Lha  total  energy  oi  the  fluid, 
the  amount  ot  ga*  trapped  iu  the  cavity,  and  the  extent  ot  cavity  sliape  deviation  iron  spherical  symmetry, 

kristuw  and  Lundeberg  tKrivrencee  1 and  2)  as  well  as  Turkuvlch  (Reference  i)  have  conducted  extensive  ex- 
perimental and  theoretical  work  on  the  lluid  dynamite  oi  hydraulic  ram,  Ttie  theory  presented  in  this  paper 
In  a direct  extension  ot  Lhe  ideas  reported  iu  these  three  references. 


WfLUT  DYNAMICS 

gullets  are  only  marginally  stable  In  their  unvaued  attitude.  Asyn»tric  force*,  actiug  on  the  bullet 
during  impact  into  a fluid,  often  cause  small  perturbations  iu  bullet  attitude  that  are  Lltan  magnified  by 
the  drag  forces  encountered.  As  a consequence,  an  experimentally  tired  bullet  will  tumble  during  fuel-cell 
penetration.  Will*  the  bullet  is  tumbling,  life  force*  are  generated  perpendicular  to  tha  line  of  flight. 
Finally,  the  bullet  is  spinning  very  rapidly  which,  combined  with  the  lift  lores*,  produce  a spiraling  tra- 
jectory through  the  fluid. 

For  an  aircraft  in  (light,  an  impacting  bullet  will  eiliter  be  tumbled  at  impact  or  it  will  atart  to  tv m- 
ble  within  inches  ol  the  point  ot  entry,  liiix  is  due  to  tha  relative  motion  ot  tha  aircraft,  which  givaa 
the  bullet  a significant  angular  deviation  from  it*  unyewed  attitude.  The  deviation  will  be  magnified  by 
the  penetration  ot  intervening  aircraft  structure  >0  that,  in  the  worst  case,  Urn  bullet  will  be  fully  tum- 
bled upon  imp ict. 

For  calculating  lluid  pressure*,  it  1*  necessary  to  know  the  velocity,  the  rate  ot  kinetic  energy  loss, 
and  the  time  ot  arrival  of  live  projectile  a*  function*  of  dl - lance  along  the  trajectory.  To  obtain  esti- 
mate* ot  these  quantities,  a simplified  model  of  the  complex  bullet  behavior  1*  used, 

I tie  bullet  is  assumed  to  travel  in  a straight  fine.  Along  this  line  its  velocity  is  given  by 


dV 

"S, 


- -.-.v 


U) 


wli.r**  V and  d.nut.  the  bull.i  v.loclly  ud  pu.lt lun,  re.p.cl lv.ly . rli.  v.loclly  dacay  tu.flicl.nl,  ji, 
1.  giv.rt  by 


im  1)  11 


(2) 


wb.r.  .■  iu  thv  lluid  dvn.iiy,  A 1.  th»  pruj.ct.d  Irunt.i  «r««  uf  a bull.i.  ■ i.  th«  buii.t  u..,  and  C i. 
a dlo.rj.luul...  dra*  cu.f  f lcl.nl’,  which,  in  ganrral,  dap.ndu  on  th«  v.loclty  and  yaw  angl.  of  th.  bull.i. 


Ilia  rate  '> i kin.tlc  anargy  lo»«,  dE/dX^,  vhar.  £ * 1/2  mV1,  1.  glv  n by 


it.  . „,v. 

d*b 


(3) 


it  /.  is  a known  fund  ion  of  and  V,  fcq.  ( 1 J and  ( 0 can  be  integrated  to  give  the  desired  results. 

based  on  experimental  observations,  the  variation*  >i  p.  with  X,  for  tumbling  bullets  is  expected  to  be 
similar  to  that  shown  in  Figure  1.  The  bullet  enters  the  test  ceil  with  a U-deg 


-degree  yaw  with  h - and 
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flUJlL  1.  Vsr latino  a l tha  Velocity  Decay  Coefficient. 


coallaiai  until  it  reaches  a paint,  Xi , ilM|  lta  trajectory  where  it  begins  to  enable.  At  a further  paint, 
Ii,  th*  bullet  ia  tally  tumbled  with  ts  “ t, . Aa  the  bullet  proceeds,  it  coatlnuos  to  tumble  la  a cyclic  aan- 
nar.  An  empirical  (unction  having  thaaa  properties  ia 


Hi*,,)  • fcr  ♦ <Kr 


(4a) 


(«r  X,  » Xfc  «.  X,. 


bU^)  « Bj  ♦ (a. 


(4b) 


foe  Xi  < X.  « Xi,  and  ao  on.  Tha  value,  Si,  corresponds  to  the  bullet  saving  in  a stern- drat  attitude, 
for  simplicity  In  tha  following  aaalyaia  It  baa  been  seamed  that  tba  tmbllag  proceeds  at  a tuna tan l rata, 
that  la 


X4  - X,  - X4  - K|  - X.  - Xi  . . . 

A value  of  tha  eapooaat  a ■ J uaa  found  to  be  ruaaoaabla. 

(haring  nany  aaparlnaota  it  uaa  ant'd  that  the  jacketa  vara  etripped  frou  thu  armor  piercing  corn  of  tba 
API  (armor  piercing  incendiary)  aanaumltluc  Tba  binatic  aaargy  of  tha  Jacket  and  Incendiary  la  approniantely 
4UZ  of  that  total  kinatlc  aaargy  of  tha  coaplote  round.  Dopoaitiun  of  thla  energy  into  tha  fluid  ia  evidenced 
by  e dlatlnct  pulae  on  tba  eaperiaantal  proaoure  records. 

A crude  method  for  iacorporat log  the  Jacket  margy  depoaltioo  into  tha  hydraulic  ran  nodal  la  aa  follows. 
Tha  projectile  pametrataa  the  fluid  in  a norma-  faablon  for  a distance  X(  where  the  Jacket  etrlpe.  The  ki- 
netic energy  of  the  Jacket  and  incendiary  material  la  calculated  at  thla  point.  The  energy  dapnaitlon  of 
tha  armor  piercing  core  in  than  calculated  in  the  norma  1 manner  sac  opt  that  valuna  of  8 appropriate  to  tba 
cars  suat  n used.  Tba  energy  deposition  of  the  jacket  ia  iaa«eaad  to  bo  exponential,  and  la  added  to  that 
of  tba  core.  The  aquntloa  for  the  total  energy  depoaltioo  la  than 


dx_ 


a ti  V 
c c 


HUSiii  ** 

fl) 


<*b  - V 


(5) 


where  tba  subscript  c ladlcataa  properties  of  tba  core,  and  i la  tba  kinatlc  energy  of  the  jacket  at  X^, 

The  parana tar,  6 , dictatoa  tba  dlataocs  over  which  tba  Jackal  aaargy  is  deposited  in  the  fluid.  A resaun- 

mh la  value  caa  bd  obtained  f run  gq.  (1)  using  tba  Jackal  and  incendiary  aaaa,  tha  area  of  the  tumbled  round, 
and  a drag  coafflclant  of  1.0.  Tha  factor,  a,  ia  (q.  (5)  was  included  to  allow  adjustment;  of  the  pulao 
height  to  agree  with  the  oaporiaont.  A constant  value  of  a « 1/3  was  uaad  throughout  tbr>  aaalyaia,  and  re- 
sulted in  a reasonable  doocriptloa  of  tba  atripplng  pulao  for  meet  of  tha  shots. 


pgggsutc  FIELD  ANALYSIS 

fa  tba  light  of  the  previous  work  (deferences  1,  2,  and  J),  the  problem  of  predicting  tba  pressure  field 
gaaaratod  by  a bullet  in  tba  drag  phase  will  be  rncaonfnod.  iwcauae  of  the  an t bona t ice.  lifficultiaa  lntio- 
ducod  by  the  wall  bouaidary  conditions,  a a lnp la  nodal  which  neglects  the  wall  eCiects  will  be  conaldnrod 
beta,  A arhanatlc  of  tba  model  ia  ehowm  in  figure  2,  (The  affact  of  tbs  walls  as  tba  pressure  field  is 
discussed  in  the  following  section.) 


FlclUkll  2.  Model  of  Drag  Phase  of  Hydraulic  Rom. 


In  essence,  the  bullet  shown  In  tha  Figure  2 model  la  Initially  stationary  in  au  infinite  body  o!  fluid 
until  t • U.  ttie  bullet  la  then  impulsively  accelerated  to  an  Initial  velocity,  V . At  times  t J U,  tha 
bullet  moves  with  a velocity.  V,  In  a straight  line  along  the  agl*  in  a prescribed  Banner  as  discussed 
previously. 

It  la  assuaied  that  ttia  How  Held  can  be  described  in  tents  ul  a potential  function,  i,  which  aatiailaa 
the  wave  equation. 


. L 2.U 

c‘  Sl- 


id) 


where  c Is  the  i.  peed  ut  sound  In  the  Huid.  In  terns  ot  this  potential  tha  fluid  velocity,  u,  is  expreeaad  as 
u ■ ()) 


and  the  lluld  pressure,  p.  can  be  obtained  iron  Bernoulli's  Equation 


F * 


1 


. u* 


(») 


where  . Is  the  lluld  density,  p Is  the  anbisnl  pressure,  and  u is  defined  as  uj. 

Since  we  hjve  not  yet  Included  the  eltecla  ol  the  walls,  the  proper  boundary  conditions  for  Eq.  (6)  ate 
that  the  lluld  velocity  1s  tangential  to  the  projectile  surface  and  that  p " p on  the  Cavity  surface,  where 
P denotes  the  pressure  in  the  cavltv.  It  is  assumed  that  p is  constant  throughout  Che  cavity.  Under  theee 
restrictions,  Ins  problem  is  to  determine  the  pressure  as  a lunction  ol  tine  at  any  arbitrary  point  (a.  u.) 
where,  as  shown  In  Figure  2,  is  the  perpendicular  distance  ul  this  point  Iron  the  a aals. 


even  alter  these  s lap  11 11  cal  ions , the  problem  is 
taken  here  is  to  Ignore  Lire  boundary  conditions  and 
ily  on  the  lluld  bv  the  action  ol  u line  o!  sources 
resulting  1 low  I told  is  svmaetric  about  the  a aals, 
tile  integral 


enonaously  dliilcult  to  solve.  Therefore,  the  approach 
then  try  to  approximate  the  efiect  of  the  bullet  and  cav- 
distributed  along  the  bullet  path.  Consequently,  tha 
The  potential  due  to  these  sourcee  can  be  expres  ed  ae 


:(a.  ,tl 


W 


where  •.  le  the  distance  alung  the  trajectory,  r is  the  distance  frou  the  point,  C.  to  (a,  i*)  and  ( Is  tha 
source  strength  at  lo  account  tor  the  Unite  sound,  the  integral  must  be  evaluated  using  tha  retarded 
tins  ; * t - r/c.  Method*  were  derived  in  the  section  on  bullet  dynamics  to  determlue  the  bullet  time  of 
arrival,  t^,  on  the  trajectory  an  a tunctlon  ut  the  bullet  position,  X,  , The  results  of  the  theory  are  not 
considered^"  be  valid  during  the  cavity  collapse;  tlierefore,  tire  lower  Unit  in  this  Integral  can  be  taken 
as  sero.  The  upper  limit,  X^,  denotes  the  projectile  position  when  i * t^, 

in  order  to  determine  tin-  source  strength,  an  estimate  Is  mads  by  a Method  baaed  on  the  conservation 
oi  energy.  Fur  this  purpose  assume  that  the  flow  Is  confined  to  a slice,  da,  as  shown  in  Figure  1,  and  that 
•:  approaches  infinity.  Tire  fluid  velocity  In  this  slice  is  then 

u - /.  do) 


At  tlie  cavity  radius,  * a and  u ■ da/dt  so  that 

1 da 
• " 2*  ilt 


Ul) 


Following  Blrkufl  (kelerence  4),  the  kinetic  energy  ul  tlia  slice  la  added  to  the  potential  energy  a 
balanced  against  the  energy  deposited  Into  the  slice  by  til*  bullet.  Tha  result  1*  a differential  aqiuL.oo 
tor  the  cavity  radius,  a,  which,  whan  Integrated,  can  be  used  with  Eq . (11)  to  give  the  aource  strength 
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ahua  tba  naslniM  cavity  radius,  A,  is  given  by 

«(p„  - O 


and 
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Tha  parameter,  d - In  U/ a,  coaes  (tea  taking  a finite  Halt,  ft,  to  tba  integral  giving  tha  kinetic  aoaigy  of 
tba  aiica.  If  tba  up  pat  Halt,  A,  aara  allowed  to  bo  infinite,  tha  klnatic  aaargy  would  bacoaa  lnllnlta, 
which  ia  a phyalcal  inpoasibility.  Itanca,  tba  liait,  ft,  will  ba  aaauaad  to  ba  finita.  Since  N la  a alowly 
varying  function  of  ft,  1.  will  ba  treatad  aa  a constant..  Thla  la  justified  in  that,  for  tha  apodal  caaa  in 
which  a bullat  la  travaling  with  a cooat ant  valocity,  tha  cotract  cavity  ahapa  ia  obtaiaad  for  constant  valuaa 
of  tba  quantity  ft/s  in  tbs  20-30  rangs  (Rafaranca  6).  Physically,  this  stop  can  ba  rationaliaad  by  consider 
log  tha  nag lac tad  influanca  of  tba  noncylindrical  divarganca  of  tba  flow. 

Tha  praasura  fiold  raaulting  froai  thla  lino  of  aourcaa  can  now  ba  calculatsd.  Substituting  Iq.  (12)  for 
tha  aourca  atrangth  in  Eq.  (9). 
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Slnca  c had  to  ba  aapraaaad  la  tamo  of  tba  ratardod  tlaa  i , t in  Iq.  (12)  was  raplacod  by  t - r/c. 

Tha  tana  in  Bernoulli's  Equation  for  tha  praasura  can  ba  obtained  by  dlf farantiating  Iq.  (13).  For  tha 
tlaa  darlvntiva  ona  obtains 
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abaca  B and  B.  ara  dlstancaa  f roa  tba  point  (i,u)  to  tba  iapacc  point  and  tba  bullat,  and  A.  denotes  tha 
valua  o?  A evaluated  at  X^. 

Tha  fluid  valocity  cosmonaut,  la  givaa  by 
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Slnca  tba  function  A(0  and  t.  (()  dap  and  on  tha  tumbling  bahavlor  of  tha  bullet,  tba  integral  in  Bq.  (13) 
cannot  bo  avaluatnd  aapllcitly,  Tba  valocity  consonant  ia  tba  u direct  ion,  u , ia  given  by 
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PRESSURE  WAVE  REFLECTIONS 


Pressure  wave  reflected  from  the  fuel-cell  walls  play  an  important*  if  not  dominating,  role  in  determin- 
ing the  total  pressure  field  within  the  fluid  and  the  pressure  loading  that  acts  on  the  walls. 

To  confirm  theoretical  predictions  of  the  pressure  field  produced  by  the  bullet  and  to  visualize  the  hy- 
drodynamic processes,  a simple  method  of  accounting  for  wave  reflections  can  be  used.  This  method  is  based 
on  the  solution  of  a problem  given  by  Cole  in  his  book  on  underwater  explosions  (Reference  5). 

Consider  the  case  of  a plane,  acoustic  pressure  wave  that  impinges  normally  upon  an  infinite,  fiat  plate. 
Wave  reflections  within  the  plate  are  neglected  so  that  the  plate  will  react  to  the  pressure  loading  as  a 
rigid  body  with  no  internal  stresses. 

As  representative  of  hydraulic  ram  in  an  aircraft  fuel  cell,  consider  the  case  of  a 1-ms  pressure  pulse 
in  JP-5  fuel  incident  on  a 0.063- inch-thick  aluminum  panel.  A common  wall  material  used  for  windows  In  hy- 
draulic ram  experiments  is  1-inch-thick  plexiglass.  Figure  4 illustrates  the  effect  that  walls  constructed 
of  these  materials  would  have  on  records  of  the  normalized  total  pressure  taken  at  a distance  of  5 inches 
from  the  wall. 
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FIGURE  4.  Total  Pressure  Versus  Time  of  an  Exponential  Plane  Wave  Impinging 
Upon  Plane  Walls  of  Specific  Construction. 

It  is  obvious  from  this  figure  that  the  reflected  pressure  waves  are  extremely  important  in  determining 
the  measured  pulse  shape  and  impulse.  For  the  rational  correlation  of  any  theory  with  experiment,  the  theory 
must  include  the  wave  reflection  effects.  The  analysis  also  brings  to  attention  the  phenomenon  of  bulk  cavi- 
tation in  the  fluid.  As  shown  in  Figure  4,  the  pressure  becomes  negative;  that  is,  the  fluid  is  in  tension. 
When  this  occurs,  cavitation  in  the  form  of  a dispersion  of  small  bubbles  in  the  fluid  is  possible.  After 
the  inception  of  cavitation,  the  analysis  is  no  longer  valid. 

A curve  for  the  case  of  reflection  from  a free  surface  is  also  included  in  Figure  4.  It  is  apparent  that, 
for  comparing  experimental  with  analytical  pressure  measurements  within  the  fluid,  it  is  a good  approximation 
to  consider  the  walls  as  free  surfaces.  To  a certain  extent  this  is  true  ever,  for  heavily  constructed  walls 
such  as  thick  plexiglass.  If  this  approximation  is  made,  then,  for  rectangular  volumes,  the  method  of  Images 
can  be  used  to  account  for  the  pressure-wave  reflections.  The  incident  pressure  due  to  bullet  penetration 
has  been  approximated  as  arising  from  a line  of  sources.  Reflections  from  a fiee  surface  near  this  line  of 
sources  (or  sinks)  can,  therefore,  be  accounted  for  by  adding  the  pressure  due  to  a mirror  image  line  of 
sinks  (or  sources). 


BALLISTIC  TESTING  AND  DATA  REDUCTION 

A total  of  33  shots  were  fired  at  muzzle  velocity  into  a water-filled  test  cell  instrumented  with  five 
Kistler  601A  pressure  transducers.  The  rounds  were  .30  caliber  AP,  .30  caliber  API,  12.7mm  API,  and  14.5mm 
API,  The  parameters  that  were  varied  were  impact  plate  material  and  thicknesses,  entrance  angle  obliquity, 
and  bullet  attitude  on  impact. 

The  test  tank  was  a 5-foot  cube.  Entrance  panels  were  2 feet  square,  and  two  1-inch-thick  plexiglass 
windows  were  placed  on  opposite  sides  of  the  test  tank  for  high  speed  photography . These  provided  a 30-inch- 
high  and  36- inch-long  f ield-of-view. 

The  five  Kistler  601A  pressure  transducers  were  mounted  at  the  end  of  1/2- Inch-diameter  pipes  extending 
beyond  the  open  end  of  the  tank.  The  pipes  were,  in  turn,  mounted  to  a separate  frame  isolated  from  shock 
and  vibration  in  the  test  tank.  The  transducers  were  placed  6 inches  above  the  expected  trajectory  of  the 
0-degree  obliquity  shots  and  spaced  6 inches  apart. 

The  size  of  the  test  tank  was  sufficiently  large  so  that  pressure  waves  reflecting  from  the  tank  walls  did 
not  arrive  at  the  transducer  locations  until  approximately  1 ras  after  bullet  impact.  To  avoid  the  complicating 
effects  of  the  wall  reflections,  the  analysis  included  only  the  J-ms  time  interval.  Wave  reflections  from  the 
impact  wall  could  not  be  ignored.  Because  of  the  lightweight  construction  of  the  entrance  panel,  it  was  as- 
sumed that  the  pressure  waves  reflected  from  it  as  if  from  a free  surface.  The  teflected  pressure  wave  could 
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Chen  be  calculated  using  the  Bet hod  of  laagee. 

Initial  values  of  the  drag  coefficients  for  bullets  In  the  O-degree  yaw  attitude  (CR  ■ 0.05)  and  In  the 
tuabled  attitude  (C^  - 0.30)  were  obtained  froa  Yurkovich  (Reference  3).  The  drag  coefficient  used  for  the 
bullet  traveling  in  a stern-first  attitude  was  C - 0.82  corresponding  to  a circular  dial'..  The  trajectories 
were  measured  froa  high  speed  notion  pictures  of°the  shot.  On  the  basis  of  this  coa parlson,  the  drag  coef- 
ficient of  the  .30  caliber  A?  round  was  doubled  to  C - 0.60  for  the  fully  tuabled  attitude.  The  accuracy 
of  the  experimental  trajectory  aeasureaents  was  not  Sufficient  to  obtain  direct  verification  of  the  drag  co- 
efficient for  the  O-degree  yaw  attitude.  Therefore,  a comparison  between  theory  and  experiment  was  made  of 
the  initial  part  of  the  pressura  pulse  which  was  generated  by  the  bullet  In  Its  0-degree  yaw  attitude. 

Much  better  agreement  was  obtained  when  the  O-degree  yaw  drag  coefficients  were  doubled  to  - 0.10  for 
the  .30  caliber  AP  and  the  14.5m  API  rounds.  However,  the  0-degree  yaw  drag  coefficients  are  particularly 
sensitive  to  the  geometry  of  the  bullet  nose  which  can  be  considerably  distorted  during  impact  and  penetra- 
tion of  the  target  panel.  It  Is  expected,  therefore,  that  the  0-degree  yaw  drag  coefficient  will  vary  with 
Impact  obliquity  and  velocity  as  well  as  with  target  thickness  and  material.  The  drag  coefficient  for  the 
armor  piercing  core  were  taken  as  identical  as  those  of  the  complete  round. 

The  tumbling  distances,  X;  and  Xj,  could  not  be  accurately  measured  from  the  motion  pictures.  Therefore, 
a computer  program  was  written  which  calculated  those  values  of  Xi  and  X2  that  minimized  the  rma  error  be- 
tween the  experimental  and  theoretical  pressure  pulses. 


COMPARISON  WITH  EXPERIMENT 

The  agreement  of  experiment  with  theory  was,  In  general,  quite  good  for  all  shots  impacting  at  0-degree 
obliquity  into  the  test  cell.  The  pressure  pulse  recorded  at  two  of  the  transducers  during  one  of  the  12.7mm 
shots  Is  shown  In  Figure  5 together  with  the  theoretical  curves.  The  origin  of  the  time  axis  in  these  plots 
is  arbitrary. 
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FIGURE  5a.  Pressure  Versus  Time  Plot;  12.7an  API;  x • 6 in.;  u>  » 6 In. 

The  overall  accuracy  of  the  theory  can  be  assessed  from  Figure  6,  where  the  experimental  peak  pressure  is 
plotted  against  the  corresponding  theoretical  values  for  18  of  the  12.7k  API  shots.  The  theoretical  values 
lie.  In  all  cases,  within  a factor  of  2 of  the  experimental  values  and  are.  In  most  esses,  much  better  than 
that.  Similar  plots  for  the  14.7am  API,  .30  caliber  AP,  and  .50  caliber  API  show  the  some  agreement. 

Comparison  of  the  theoretical  bullet  trajectories  wss  made  with  experimental  points  taken  from  high  speed 
motion  pictures.  Figure  7 shows  the  trajectory  obtained  for  the  same  12.7am  API  shot  whose  preseure  pulse 
was  given  in  Figure  5.  Similar  plots  were  made  for  a number  of  other  shots  and  showed  somewhat  worse  agree- 
ment on  the  trajectory,  but  much  better  agreement  of  the  tumbling  distance,  Xj . 

The  tumbling  distances  varied  quite  widely  from  shot  to  shot.  The  actual  distribution  of  theoretical 
values  of  X;  and  Xj  are  shown  In  Figure  8 for  the  12.7am  API  shots. 

The  pressure  pulse  produced  by  the  strlpped-off  jacket  of  the  API  rounds  is  of  interest.  A good  exa^>ls 
of  this  for  a .50  caliber  API  shot  is  shown  In  Figure  9,  where  the  pulse  can  be  easily  Identified. 

The  agreement  of  experlaent  with  theory  was  consistently  bad  for  the  12  shots  fired  at  30  and  45  degrees 
obliquity.  A plot  of  the  experimental  and  theoretical  peak  pressures  Is  shown  in  Figure  10  for  the  12.7am 
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FIGURE  5b.  Pressure  Versus  Time  Plot;  12.7mm  API;  X * 10  in.,  u)  » 6 in. 


PEAK  PRESSURE  (EXPERIMENT).  PSI 

FIML'RE  5.  Peak  Pressure;  Theory  Versus  Experiment;  12. 7mm 
API;  0-lh-gree  Obliquity,  O-Oegree  Yaw. 

AIM  shuts.  The  theoretlc.il  values  are  consistently  too  low.  There  are  several  possible  sources  for  this 
disagreement.  First,  because  of  the  nonzero  impact  obliquity,  the  path  of  the  bullets  could  deviate  con- 
siderably from  a straight  line.  Second,  the  bullets  could  be  deformed  producing  a different  drag  coeffi- 
cient than  in  the  0-degree  obliquity  shots.  In  addition,  the  Jackets  could  strip  off  in  a manner  different 
f run  the  0-degrce  obliquity  shots.  The  actual  source  of  the  error  could  not  be  discerned  from  tile  pressure 
tracea,  and  no  motion  pictures  were  taken  of  these  shots.  The  possibility  of  laulty  experimental  technique 
exists.  Hv  comparison  of  Figures  t and  10,  the  peak  pressures  measured  for  the  oblique  shots  are  much 
higher  than  those  with  0-degree  obliquity  even  though  the  latter  shots  passed  much  closer  to  the  pressure 
transducers. 


t.oSa.L".  ION'. 

A theory  has  been  derived  tor  predicting  the  pressure  field  generated  in  a fluid  during  the  penetration 
v!  tumbling,  military  ammunition.  The  theory  was  tested  against  pressure  measurements  taken  during  a large 
number  of  shots  using  a variety  of  ammunition.  Agreement  between  the  experiment  and  the  theory  was  quite 
good  lor  those  shots  Impacting  the  test  cell  at  0-degree  obliquity.  Shots  at  30  and  45  degrees  obliquity 


were  In  serious  disagreement;  the  predicted  pressures  being  consistently  too  low.  Tbs  rsssoo  for  this  dis- 


agreement could  not  be  resolved. 

Further  ballistic  testing  Is  desirable,  first  to  resolve  the  discrepancy  with  oblique  impacts  and,  second, 
to  test  the  theory  at  lower  Impact  velocities. 

Solutions  of  a simple  problem  Illustrated  the  i^>ortance  of  wave  reflections  from  the  fuel  cell  walls  on 
total  pressure  field.  The  problem  of  obtaining  the  total  pressure  loading  on  the  walla  will  require 
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FICURE  9..  Pressure  Versus  Tine  Plot;  .SO  API;  x ■ 6 In.,  w » 6 in. 


FIGURE  1(J.  Peak.  Pressure  Experiment  Versus  Theory; 
30-  to  45-degree  Obliquity,  0-degree  Yaw. 


further  theoretical  advances. 
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SOMMAIRE 


AprAs  le  rappel  de  quelques  mAlhodes,  classiques  et  par  AlAments  f ini s,  ut  i 1 i sirs  aux  AMI) -BA  pour  le 
calcul  de*  choc*,  et  de*  rAponse*  tranal t oire* , nou*  exaaineron*  le*  possibliitAs  d'eppllcatlon  »ur  le*  pro- 
blAflhrs  auivants  : 

• RAponse  de  la  (tructure  aprAs  inpact  d'un  projectile  sur  un  blindage. 

- RAponse  de*  (tructure*  aux  effet*  de  souffle  d'rxploaion. 

- Calcul  de*  at t err i ••age*  dura,  catapult  age  et  roulement. 

^ On  (border*  le  problAme  du  calcul  pratique  de  la  tenue  rdaiduelle  de*  structure*  localement  endon- 

nagde* 


SUMMARY 


After  reviewing  some  of  the  me t hod a by  finite  elements,  uaed  at  AMD -BA  for  calculating  impacts  and 
transitory  response*,  we  shall  examine  the  post i bi 1 i t i e*  of  application  in  the  following  case*  : 

- Response  of  structure  upon  impact  of  a projectile  on  an  armor-plate. 

• Response  of  structures  to  forces  due  to  explosion  blast. 

- Calculation  of  hard  landings,  catapulting  and  taxiing. 

Moreover  pratlcal  calculation  of  the  residual  strength  of  locally  damaged  structure*  will  be 
considered . 


1 - IKTRODIICTION 


Le*  prohlAmes  d'impact  de  projectiles  »ur  lea  structures  ne  »oni  souvent  traltables  que  par  de* 
mAthodes  semi -empi r i ques  ; nous  allon*  cerner  certains  des  points  ou  le*  techniques  modernes  de  calcul,  en 
partlculler  le*  mAthodes  d'AIAmenli  finis,  peuvent  apporter  tine  aide  : 

- RAponse  d ' une  structure  aprAs  impact  d'un  projectile  sur  un  blindage  ; la  loi  du  choc  sur  le  blindage  Atant 
suppoaAe  connue. 

- RAponse  de*  structures  aux  effets  du  souffle  des  explosions  On  montrera  que  ce  mode  de  destruction  n'est 
pa*  dAral sonnable  pour  le*  avion*  modernes  On  Avoquera  le  calcul  de  choc  trAs  href  sur  des  ogives  cyllndro- 
coni ques 

- RAponse  des  avion*  lor*  des  at t err i ssages  dura,  catapultage  et  roulement  sur  obstacle 

Ces  types  de  prohlAme  Atant  tout  traitables  par  utvaCme  modAlisation  numArique. 

- MAthode  des  AlAment*  finis  pour  la  di scrAt i sat  I on  dans  1 'espace 

- MAthode  des  diffArence*  finies  impliclte*  pour  l'Atude  dan*  le  temp* 

On  verra  que  ces  modA l i sat i ons  condulsent  malheurcusement  souvent  A des  calcul*  d'une  telle  comple- 
xitA  que  leur  utilisation  systAmatlque  n'est  par  actuellement  i ndust rie 1 1 ement  rentable,  tant  du  fait  de  la 
longueur  des  calculs  que  du  nombre  des  donnAes  A rassembler  pour  dAcrlre  le  phAnomene. 

[.'autre  point  oil  1 es  techniques  de  calcul  par  AlAment*  finis  sont  Avidenment  fAcondes  est  celul  de 
la  tenue  rAsiduelle  des  structures  aprAs  endnmia g ament 

Ces  calculs  prAsentenl  deux  aspects  diffArents  : 

- Calcul  de  "fail  »afe" 

Nou*  dAcrivon*  un  procddA  permet*ant  d'effectuer  trAs  rapidemrnt  ce  type  de  calcul  sans  avnir  A 
eflectuer  une  rAanalyse  complAte  de  1?  structure, 

- Calcul  de  propagation  de  fissure 

Nous  utlllsons  la  mAthode , malntenant  "c lass Ique"  dans  les  A;ude*  de  fatigue,  de  1’Anergle  de 
di  slorat  i on 
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KAPPE1.  DES  MKTHCDES  DU  CALCUL  DES  REPONSES  STRUCTURALES  KM  TRAMSITOIKE 
■M  - Equal  ton  dr  la  micac.'.'-t  linAarliAs 

Solt  X Ir  vrrteur  rrpr^trntant  la  d*placrmrnt  dca  dcgrls  da  librrtd  da  la  atructura  ; an  lindarlaant 
Ira  Equations  da  la  mlcanlqur  pour  Ira  patita  mouvementt,  rt  an  l'absencr  da  frottsawnt  intarna,  il  viant: 


i 


l"]  x*  . («)  X . r (t| 


Laa  matrlcrs  da  aiaaaa  at  da  rigidlt4  • t [*]  aont  4labor4es  par  la  a^thodc  des  lllaioti  finis, 

X represent*  alora  lea  displacements  dea  noeuda  du  maills**,  aon  rang  eat  gdndralcacnt  da  pluaicura 
milliera,  voire  dizalnes  de  aillirrs 

11  eat  plus  simple  de  ne  paa  tenir  compte  dea  frotteaents  internes,  car  ceux-cl  aont  faiblea  at  aal 
connui  (de  plus  non  lin£airea),  lea  nlgliger  revlent  A ttrc  conaervatif  dana  beaucoup  de  cat. 

Noua  pratiquona  3 typra  de  fa^on  d'intlgrer  dana  Le  teapa  le  syatfcme  1 : 

- Integration  dans  une  base  rlduite  de  modes  proprea. 

- Integration  aana  reduction  de  base  par  method*  de  differences  finiea  iaplicitea 
Remarque  pr  e 1 1 mi  na  1 r <•  laportante 

Toutea  lea  methodes  que  nous  allons  decrire  rdaultent  du  fait  que  le  plus  grot  dea  calculs  sur  ordi- 
nateur,  eat  1'obtenllon  de  l'inverse  de  la  matrice  de  rigidite  M , ou  celle  d'une  combine Ison  M*VM. 

Ccttr  Invrrar  rsl  ^crit  »oui  unr  forme  dite  factorials  qur  nous  calculont  par  la  mlthodr 
dr  Causa  Erontalc  , crttr  forme  rst  relativement  "crruie",  ce pendant  pour  let  probltmea  dlpassant  quelquaa 
millirrs  dr  degrls  de  libntl,  rile  ne  peut  plus  tenir  dans  la  mdmolre  centrale  des  ordlnateurs  actuels. 

bant  ce  cat,  11  rat  prlflrable  d'utlllarr  lea  mdthodea  de  resolution  1 seconds  mesibres  simuliands 
plutflt  qur  tuccrsslfs  pour  minimitrr  let  seeds  aux  flchlert  pdriphdriques  ou  te  trouvr  la  aatrice  fseto- 
r i sir . 

Ce  sont  cei  cons lddra 1 1 ons  tactlquet  qul  on l lnsplrd  le  choix  des  odthodes  que  nous  allons  ddcrlra. 

- • * Integration  dsns  une  bate  de  modes  propres 

C'fnit  jusqu’i  ces  dernidrrs  annles  Is  mdthode  la  plut  utilitle. 

Son  prlnclpe  ett  lr  tulvant 

- On  calculr,  ou  on  mesure,  let  modes  propres  de  la  structure,  let  vectrurs  proprrs  sont  rangds  en 
colonnr  dsns  unr  matrice 

On  inti-Krr  dam  unr  base  reduite  trllr  qur  lx]  - [B]  X 
t.e  ay  at  erne*  I deviant 

2 [">J  x*  ♦ [It]  x xx  [(t) 

- M-WWW  .M-WWW  . It  - [•a] 

[m]  rt  [^]  ,on!  al^rt  drt  matrices  diagnonales  et  let  Equations  du  system*  2 deviennent  dlcoupl£es 
Ini  •'lies  n*  sont  pes  couples  par  f <t)  ) 

!.*  i nt  d'grat  i on  dana  le  temps  ne  pose  alora  plus  de  problem** 

Nous  effettuons  ]e  talcul  dea  modea  propres  soil 

- par  la  m^thode  de  I.angzos  - Hrlvan  directe. 

- par  <ette  -^mr  m^thode,  mais  util  isle  aur  une  base  rtfduite  tel  on  lea  princlpea  du  | 2.3. 

I’arnii  1 t*s  i n<  onvtfr.i  ent  a de  la  method*,  on  peut  cl  ter  : 

- de  n«'*tes*i  f er  1**  talcul  des  modes  propree, 

- ce  (lit  'il  ftan!  long,  on  est  conduit  A prendre  une  base  trop  restrefnte, 

- base  trop  reslreinte  emp#che  dana  la  pratique  le  calcul  dea  efforts  aur  la  structure  k partir  dea 
d£  f or  mat  i on  a , 

- file  est  tnauvaise  quand  tea  forces  d’excitarfon  sont  concentrlea, 

- el  If  est  fx<  lusivement  lineal  re 

on  avantage  est  de  pouvoi r Sire  pratiqule  k partir  dea  meaurea  dea  aodta,  et  alora  de  conduire  ll 
de  * . a le  si  1 s est  rtraenwnt  simples. 
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2.3  - Integration  aur  une  baa*  rMult;  - baa*  da  charaam*  nt 

La  reduction  da  ba««  cat  fait*  aur  ta  otaa  prlncipc  qua  cclla  du  paragraph*  precedent,  *Mia  ta  baa* 
redultr  M n'*at  plug  un*  baa*  dc  node*  proprca. 

Dana  la  pratique  cetir  reduction  ne  pcut  (tre  arhltraire  ; on  a intdrbt  be*  qu*  l*a  dbforabea  d* 
baa*  [®]  solent  issues  de  chergeaent  reisonneble  m (aoit  Ml il- W . ) f i 1 et r souhei ta- 

ble que  le  second  anibrt  Fi  puisse  fttre  exp rim/  tot  element  dans  la  base  fypj  de  feqon  ft  ce  qua  cette 
reduction  sole  exact#  en  stetique,  on  coopiet*  [r]  par  des  chargeaents  d1 inert ie  JudXcieuseaent  intuitls. 

L* integration  dans  la  base  rlduite  peut  #t re  conduit#  par  let  ad t bodes  clessiques. 

Le  coQt  de  cette  nlthode  eat  essenti el  1 eaent  celui  des  resolution*  de  systfcme  llnftelrc,  avec  seconds 
aeabres  slmultenls,  qul  sont  peu  onlreuses  si  on  utilise  is  mft t hode  de  fac tor 1 sst Ion  de  Gauss  Frontal#. 

Son  eventege  par  rapport  ft  la  adthode  mode l e est  de  pouvolr  contraindre  la  structure  dsns  une  base 
coaprensnt  *ti  cholx,  des  forces  concentrdes,  forces  de  surfaces  et  forces  d’inertie  ; alort  que  la  ad t hode 
aodale  contraint  La  structure  par  des  seules  forces  d'lnertie. 

On  remerque  que  la  adthode  clessique  de  condensation  de  Guysn  est  dqulvalente  ft  cette  odthode  si  on 
prend  pour  M des  chargeaents  concentrds  sur  certains  noeuds 

Pour  le  catcul  des  modes  propres  du  bas  du  spectre,  nous  avons  constatd  qu  'en  prenant  des  forces  de 
voluae  pour  M f oabre  de  degrds  de  liberty  k conierver  scablc  pouvolr  fttre  divisd  par  3 par  rapport 
ft  la  adthode  de  Cuyen,  ce  phdnoadne  s'eccentucnt  avec  le  raffineaent  des  maillages  d'dldaents  finis. 

Cette  adthode  est  bien  adaptde  aux  probldaes  ft  plusieura  dizeines  de  ailliers  de  degrds  de  libertd, 
elle  peroet  de  rdcupdrer  pour  les  problftaes  dynsaiques  les  i ddsl i sat  ions  du  calcul  statique  (la 
mat  r ice  M est  alors  obtenue  iapl i c 1 tenant  par  la  adthode  des  sous  structures). 

Cette  adthode  est  exe lus ivement  lindalre,  cependant  dans  les  probifemes  de  non  lindaritd  locale,  on 
peut  coupler  sasez  faclleaent  les  parties  non  lindalres  par  le  second  nembre  (voir  I 2.52). 

- Hr marque  sur  la  reconstitution  des  contraintes  - Mdthode  ddplaceaent , adthode  forces 

Pans  les  adthodes  de  rdduction  de  base,  le  calcul  des  contraintes  peut  s'effectuer  de  2 faqons  : 

- Mdthode  ddplacement 

On  reconstitue  les  contraintes  ft  partir  des  displacements  calculds 

0 . [L]  x 

t.'op^rateur  Unfair*  [l]  exprimant  1*  calcul  d«s  contraintes  b partir  d*  la  lol  de  conport*«ent 
*(  du  calcul  dr*  deformations,  1 partir  da*  diplacements  X 

Pour  almpllflrr  lea  calcula,  on  tranapoac  dan*  la  baa*  rldulte,  aolt  : 

a - [?]  * [i]  „ [i]  [t] 

i.'oplrateur  JfJ  eat  tabula  avant  I 'Integration  pour  Ira  contralntea  qua  l'on  veut  aulvra  dan* 
la  tempt 


- Method*  force* 


La  reduction  n'etant 
paa  la  relation 


paa  parfaltr,  las  forces  applique**  b la  atructure  r#ellement, 

* * [*  ’]  [f|i)  - W «*] 


n'antraTnant 


Ij'ou  I'lde*  da  calculer  las  contralntea  b partir  da  la  deformation  resultant  das  force*  applique**, 

«- MM ['»-[■]*•] 

«-  M MI  rt  - MI*]  M 

On  tebule  ft  I'evence  les  contraintes  suivles,  pour  cheque  compos ante  de  f J|\  et  cheque  eccdldre- 
t ion  uni te ire. 

r.ette  deuxifeme  method#  est  gdndrelenent  prdfdrde  surtout  evec  les  rdductions  mods  les,  cer  elle 
per met  une  c owprdhens I on,  per  le  celiuleteur  tred i t i onnel,  de  "1 'fequl 1 i breM  et  du  “chmainement  des 
efforts” 


Mot  re  opinion  est  que  le  reduction  n*est  corrects  que  si  les  2 method#*  donnent  sensiblement  les 
mis*  ft  rlsultets,  eu  mo  ins  pour  les  efforts  gfenfereux 
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2 i - Integration  Mm  reduction  de  base 

{.'existence,  dans  un  module  d'lldments  finis,  de  nodes  k frequences  trla  dlevdes,  oblige  k utiliser 
une  mlthode  d ' intlgrat 1 on  dsns  le  traps  ne  prlsentani  pss  de  critdre  de  stability. 

Nous  utilisons  Is  method*  de  Houbolt 

Dsns  cette  method*  d' intdgrat ion  pas  k pas,  on  pose  cosan  inconnue  la  position  X(  A 1 'instant  t, 
et  on  dcrit  1'equation  1 d'lquilibre  dynamique  en  calculant  par  extrapolation  1 'accdldrat ion  k l’fnstant  t. 


II  vient  : 


X t " “T  [fXt"SXt-At  * 4Xt-ISt  " Xt-iAt] 


L'lquation  1 devient  : 


[[«]•  -fc  t"]  ] *t  - F.  ♦ 

Dans  lt*s  probllm*s  lint's  ire*,  cette  method*  est  relativement  peu  onlreuae  car  la  malrite  de  rigiditd 
dynamique 

I 1 » 1 1^1  ♦ - “ ■ [^1  I eit  factorial*  prlalablement 

L J l At*  J J erat i on . 


est  factorisle  prlalablement  k l'inrl- 
grat i on . 


Dans  la  pratique,  cette  ralthode  n'est  applicable  que  lorsque  la  matrlce  de  rigiditl  dynamique  facto- 
risi'c  tient  en  rrfmoire  centrale  ; ce  qui  nous  limit*  k quelques  milliers  de  degrls  de  libertl. 

l.a  mlthode  ne  prlsente  pas  de  cri tires  de  stability  ; les  modes  llevls  par  rapport  A At  sent 
amort  is  par  te  talcul. 

2 5 - Prohllme  non  Ilnlaire 

Dans  les  probllnes  de  choc , les  effets  non  linlaires  sont  rarement  nlgl igeabie» , car  its  apparais* 
sent  dans  presque  tous  les  processus  d'absorptlon  d'lnergie,  au  point  que  e'est  glnlralement  plut&t  le 
donaine  linlaire  qui  est  negligeable 

l.a  plvjparr  des  types  de  non  linlaritl  peuvent  §tre  reprlsentls  : 

- » hangera-m  de  gloml t r i e-grand  diplacement 

- travail  des  prlcont raint es 

- p 1 a » t i c i t <• 

- viscositl  d’ amort isseur 

- acceleration  de  Coriolis 

2 il  - _In£e£r«tj[on  d i £*  c t v 

l.a  wlthode  simple  d ' i nt Igrat i on  directe  est  tou  jours  thloriquement  praricable  en  linlarisanl 
au  volsinage  de  ihaque  pas  d ' i n* < grat i on . 

^uand  les  non-1 i near t i Is  ne  sont  pas  preponderant!';,  on  p-»ut  rejeter  dans  les  seconds  membres 
les  effets  non  linlnires,  dans  les  autres  cat  on  est  amend  & laborer  et  factoriser  la  matrice  de 
rigiditl  dynamique  k chaque  pas 

Dans  l«.*s  2 cas,  la  mdthode  perd  so  vertu  qui  est  Je  ne  pas  avoir  de  critlre  de  stability. 

Pile  n'es:  prat  it  able  que  pour  les  prohllmes  k petit  nombre  de  degrls  de  libertd  ou  dans  lea 
probllmes  mor.o-d  i mens  j onne  1 s (dans  ce  cas  les  matrices  f|(l  et  f Ml  sont  t r idiagonales  ) voir 
S 3.22  i 

2 \2  • d i r«-r  ’ e avec_c  onH  nement_des_non_n  nlar  i£l£  dajis^une^oous-»£t£ucture 

Dans  la  plupart  des  problltnes  de  choc,  la  zone  non  linlaire  est  au  voiainage  du  point  d*  im- 
pact dans  la  structure, ou  dans  des  amor t i sseur s 

I.’lquilibre  de  la  partie  linlaire  s’lcrit  par  la  mlthode  de  Houbolt 

[«1  * *^r]  *1  - 


l 
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L*  tttM  rcprdoente  1'uiIm  4«*  partial  non  llniiltti  aur  la  partia  liodaire,  alia 

n'a  an  gdndral  qu'un  petit  naabre  dc  coapoaantas  non  nul,  qu'on  raaaeable  dan*  un  vactaur  I „ 


On  poa« 

ra  ■ M { K 

2 

*i  - * l»]  U 

3 

X sj  Solution  de  1 pour  F ^ m | 

IV«C 

[-•*-]  N-M 

4 

Lea  degrda  de  libertd  non  lindalrea  de  la  frontidre 

X ml  a'dcrivent 

en  f one t ion  del 

p«r 

It  - [kJ]  x* 

s 

«v«c 

M - [MM]" 

v 


* 


Catte  aatrice  eat  appelde  : aatrice  da  rigidltd  dynaaique  dea  partiea  lindalrea  condenade 

4 la  frontidre  daa  partial  lindalrea. 

L'dquillbre  dynaaique  daa  partiea  non  lindalrea  * au  voiainage  du  paa  t — At  a'dcrit 

[M  .[U  a]]  i.  . f. 

|l  cooprenant  dea  teroea  de  prdcontraintea  at  d'lnertle. 

[M  a]  dtent  la  aatrice  de  "rigidltd  dynaaique"  tangente  dea  partiea  non  lindalrea. 
L'algorlthae  d' intdgrat ion  eat  rdauad  aur  le  tableau  1. 


Cette  mdthode  cat  trba  dconoaique  car  en  dehor*  daa  partiea  non  lindalrea  lea  aatricea  aont 
conatltudea  et  lnveradea  unc  aeule  foia  prdalableaent  4 1 ' intdgrat ion. 

On  notera  que  la  baac  dea  partiea  lindalrea  peu i avoir  dtd  rdduite  par  la  adthode  dea  char- 
gementa,  il  eat  dvldcoaent  ndceaaatre  que  parol  let  chargenenta  de  reduction  ligureni  lea  la* 


II  n'eat  paa  toujourt  aouhaltablc  de  llndarlaer  le  cooporteaent  dea  partiea  non  lindairea, 
dana  la  aeaure  oil  11  peut  b 1 re  prdfdrable  de  rdaoudre  un  petit  ayatboe  non  lindaire  4 chaque 
paa  plutbt  qoe  d'avolr  un  critdre  de  atabilitd  (voir  t 3 3lV 


I 


1 


i 

I 

i 


0> CAM  GRAMME 


4 ( 


Ini t ialenent 


[W*  jp  ("I''  -M'1 
M-M"’  [f] 

M - M [•] 


form**  factorisle 
de  Gauss 


d»^pl  aceraenl  s structures  pour 
non  lin£aires  unitairet 


matrlcv  de  ri^idit^  condens£e 


^ “ Afc  i - 2 At 

aux  conditions  ini  titles. 


t - • 


Integration 


t -t  ♦ At 

[kj][r.[p]  (x.*',x”.t) 

rlsolu  par  1 i nlari sat  ion  ou  exactenentj  *#  et  X* 
par  mlthode  de  Houbolt 

«I  - »[•][*- w *■,] 


2 S3  - Flatnbaj$e_dvnao^que_nneari  s£_<Ha£t^que_ 

t'est  une  nWh  bode  de  ('analyse  classfque  qui  eat  plus  simple  que  les  ulthodea  pr£c£dentei 
pour  le  fiatnba>te,  elle  comport e cependant  heaucoup  d'hypothdses  restr  let  ives . 


2 . Wl  - Stat  i que 

Soil  une  structure  soumise  A un  chargement  restant  proper t i onnel  A !ui-m£me  X Fq 
on  peut  poser  quand  X —m>  0 


vr„  . [[«]  . k [s]]  x 


l.a  mat  rice  Mg]  . ri^iditl-  xfomi trique,  corre«pond  au  channement  de  direction  de* 
tensions  internes,  elle  est  fonctlon  de  Fq  . 


- Exenple  pour  one  t.arre  de  rlgiditd  ES/L  . «j 


riqiditv  i;  comet  r i que  perpend  i culal  re 
scion  J|  ; J_  - t r9 


- -0  v 

» *r«  appellc  charge  critique  la  valeur  de  A qui  rend  J ndlterminee  1 'equation  1. 
X i.  r i t i que  «*st  done  la  plus  faibli'  valeur  propre  du  sy  sternc 

[k]  X ♦ X [G]  X . 0 


«'.»u  * on  caKule  par  la  mtfthode  de  Lanczos-Br£van 

I.  V-qui  1 i bre  avant  charge  critique  se  cal  cute  rl  assiquetnenl  dans  la  bale  del  vecteurs 
pr  opr  r*  w du  sy  st  i r.c  1 . 

1 1-  syster.w*  1 s'y  krit  : 

^ I*  “ [['^' ] + ^ [ ^ ] ] x 

d.aqona,  ^ _ [#|]  F#  . [#J  ty  [.]  [*]  « 

«€i  - x ii 


d’ou  Xiu 


ki  ♦ X ji 
X « [B]  Xni  4 XX* 
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2.532  - Exteosloo^lla^d^namljM 

L'dquat Ion  1 a'dcrit  «n  dyoaaique  ' 

[tc#  ♦ Kf]  X ♦ [«]  x*  . rt  3 

On  slepllfie  cette  Ruction  avec  Ira  3 hypothdsea  auivantaa  : 

F^  m F,  effort  ext4rl«ur  proportloenel  4 lui-mdee, 

- lea  forcoa  d'lnertle  Mx'  aont  ndgllgeables  dans  l'cffct  llndatrc  (let  ddplacenants 
de  "caepression''  aont  du  aecond  ordre  par  rapport  aux  "ddversements  letdraux",  et  11  n’y  a 
pat  de  groaee  maaae  concentrde  dont  tea  forcea  d'lnertle  ne  aoient  paa  coaprlaea  dana  t (t)). 

- lea  coutralntee  provoqudea  par  lea  forcea  d'lnertle  (aupposdea  en  flexion)  ne  provoquent  paa 
de  rigidltd  gdoedtrique. 

L'dquat  l on  1 peut  alora  s'dcrire  : 

• *• 

S>atdme  qul  rdduit,  donne  en  statlque  dana  la  bate  dea  font* a de  flambage 

xt  (•  - [ftf]  ♦ xt  [vfl]  [*]  ♦ [■]  * 4 

La  aatrlce  | m j n'ett  en  gdndral  paa  dlagonale. 

L'dquation  4 (type  Mathieu-Hill)  peut  (tre  lntdgrde  clasalqueeent  (en  dlagonallsant 
arbltralrment  full  ) , ou  paa  1 paa  (en  profltant  du  fait  que  f L\  . V.  r -«"] 
eat  dlagonale).  1 1 LN3jJ 

Cette  edthode  cat  certalneaent  noins  oodreuse  que  la  ndthode  d'lntdgratlon  dlrecte 
■ala  tea  hypothdaea  d'eaploi  rendent  aon  application  trda  apdclflque  1 certains  probldmes  de 
coque  avec  aiatdrlaux  fragllca  et  petitea  ddforaatlona. 

3 - APPLICATION  A Ql'ELQUES  PKOBLEMES  PAKTIC PLIERS 


3.1  - Probldne  du  choc  aur  un  blindage  tree 


rtlaaeur 


C'cat  un  probldne  que  noua  toaea  en  train  da  traitor  actuelleawnt  pour  le  caa  d'dclatenent  du 
rdacleur  arridre  du  FALCON  50. 


Pour  dvlter  un  endooa«gcnent  dea  partlea  aenalblea  de 
1 'empennage , on  a envlaagd  1 ' laplantation  de  boucller  de  protec- 
tion selon  le  prlnclpe  de  la  figure  cl-contre. 

Le  boucller  eat  chargd  d’arrdter  ou  de  ddvler  le  projectile, 
11  eat  aontd  aur  une  plaque  de  old  d'abellle  faisant  office 
d'aaortlsaeur . 

Lea  premiers  calculs  aont  falta  claaalqueaent  en  ne  tenant 
paa  co^le  de  la  aouplesae  du  efttd  avion. 

Dans  le  caa  oO  le  projectile  eat  arrdtd  par  le  boticller, 
par  le  tbdordae  de  la  quantltd  de  awuvenent,  on  trouve  en  calcu- 
lant  l'doergle  clndtlque  du  boucller  et  du  projectile  aprta  le 
choc 


W boucller 
• projectile 


project. 


* B£2Ja£i__ 

R project  * M boucller) 


qu'oa  dgale  1 l'doergle  absorbable  par  le  nld  d'abellle  en  d era same 

W boucller  .(  n,ut#ur  Hide  x (T  critique  Hide  x $ Hide 
♦ projectile  * 


Le  r scours  aux  ndthodea  d'dldnaets  finis  dynamlquea  eat  edeeasaire  pour  savoir  ceaent  a'dqulll- 
brent  loa  forces  appliqudea  par  le  old  d'abellle  I la  structure. 


Nous  tones  en  train  de  tester  l:utilis*Uon  de  la  method*  d* intlgrat ion  dlrecte  du  I 7.U 
awe  couplage  non  limtaire  de  1 'amor 1 1 sseur 


Le  module  de  rigidity  non  lin£alre  pour  lea  barres  idlallsent  le  nld  d'abeille  en  compression 
est  le  suivant 


/ 

/ 

iU 


*/j 

i *** 


tf 


*/J 


Enfonc*m«nt 


3 2 - Kffet  de  souffle 

O probttme  nous  a Cit  post'*  dans  2 <as  de  natures  tr*s  distint  tes 
3 21  - Rffet  de  souffle  sur  un  avion 


Cm*  etude  rlassique  rapide,  rdsumee  aur  le  tableau  2,  per  met  de  dlga^er  rapidemenl  les 
or d res  de  grandeur 


On  moduli  se  lea  surfaces  portantes  pour  des  systfrmes  i 1 degrtf  de  Ubertt  fmode  fondamental 
de  flexion) 


1 1 vient  la  relar  ion  : 

Pression  statjqne  O-quivalente  “ 2 x IT  x f x I 


t c frequence  propre  f ondamentalc 
I * impulsion  surfatique 


ifttf  impulsion,  soil  se  calculi-  par  les  mtfthodes  de  sphere  de  choc,  soil  est  obtenue  por 


Tableau  2 


2(>  >.»:  d'expl  os  if  4**0  km 

A - 

e 

i - o.l!  r 

« m2 

d * 1(1  e I * 0,02* 

> 1 

s m2 

f sratique  equivalent  e 


Charges  extremes 


Vo i 1 ur» 


Der i ve 


!)  a 1<>  n 


I , < 1 / bl) 


2,3  T m2 


fes  vateurs  sont  A diviser  sens i h learnt  par  2 H 7 * lo  Km 


Les  impulsions  de  la  distance  sent  pr  opor  t i onm- 1 1 »*s  21  la  puissance  l 3 de  la  quantity 
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Pour  oiler  au-delk  de  cea  ordres  de  grandeur,  noua  : unions  une  dtude  baade  aur  une 
reduction  par  base  de  chargement  (i  2.3). 

Cea  chargeaent a de  reduction  aont  de  2 natures  : 

- chargemtnts  de  preaalon, 

- chargeaaent  d'inertie  correapoodant  t dea  chaaps  d'accdldration  par  zone 

3.22  - Onde  de  preset  on_trda  brdve  su£  dea  coqueacyH  ndro  conijuea_ 

Cea  dtudes  aont  claaaiquea  sur  certainva  oglvea  ; el  lea  ae  caraetdri aent  par  le  fait  que 
la  durde  de  la  pretalon  envfaagde  eat  . ettement  plua  petite  que  le  temps  de  parcoura  de  l'onde  de 
compression  dent  l'dpalaaeur  de  la  coque,  et  que  eelte  dernldre  eat  composde  de  plualeura  couches 
de  matdriaux  dlffdrenta  et  aniaotropea. 

Deux  types  de  problbmes  de  choc  aont  posda,  qul  different  par  l'dchelle  dea  temps  : 

- transmission  et  rdflexion  d'onde  de  choc  dans  1'dpaiaaeur  de  la  coque, 

- rdponae  gdndrale  en  flexion  de  1 'ensemble  de  la  coque. 

Noua  avona  traitd  le  premier  probldme  par  la  mdthode  de  Houbolt  avec  un  schdma  d'dldmenta 
finis  monodimensionnel  qul  a l'avantage  de  conduire  k dea  matrices  trldlagonalea,  done  un  coOt  de 
calcul  extrdmement  faible  mdme  en  introdulaant  une  plattlcltd  et  une  vlscoaitd  non  llndaire. 

Noua  prdsentons  aur  la  planche  1 quelquet  rdaultats  de  cette  dtude 

Le  probldme  de  rdponae  en  flexion  a dtd  traitd  en  lindaire  par  une  mdthode  trda  volaine  aur 
schdmas  d'dldmenta  finis  axlaymdtrique . 

Pour  le  conportement  en  flambement,  noua  avona  envlsagd  d'utillaer  la  mdthode  du  flambement 
dynamique  du  t 2.33. 

3.3-  Probldme  d 1 at t err  1 stage . de  catapultaxe  et  de  rouleaient 

Ce  aont  lea  probldmea  ou  notre  expdrlence  eat  la  plua  grande  et  oil  nos  mdthode  a de  calcul  ont  dtd 
bien  recoupdes  par  l'expdrience 

3.31  - AtterrJ,ssage_dur_ 

L'dtude  que  noua  prdsentons  a dtd  cffectude  pour  le  Mrrcure. 

La  caractdrlat ique  du  probldme  eat  de  prdaenter  dea  zones  h trda  forte  non  lindaritd  (pneu- 
taatlque  et  amort  laaeur,  aonnellv  de  train)  mala  aur  un  trda  faible  nombre  de  degrda  en  libertd. 

Noua  avona  utilltd  la  mdthode  d' lntdgrat ion  directe  de  Houbolt  aur  un  moddle  d'avlon  aim- 
pi  if  id  k S00  degrda  de  libertd  (voir  olanche  2).  * 

Lea  trains  ont  did  couplds  en  tenant  compte  dea  non  llndaritds  gdomdtriques  dues  k la  rota- 
tion de  la  aonnette,  de  la  miae  en  rotation  dea  roues,  de  1 'apl at i aaement  dea  pneumat lquea , et  dea 
vlscosltdt  non  llndaires  dea  amortlsseurs . 

Tout  cea  effeta  non  lindairea  ont  dtd  lindarlada  au  voislnage  de  cheque  pas  d ' intdgratlon 
selon  la  mdthode  du  f 2 52,  k 1 'exception  dea  termes  de  lairinage  et  de  frottement  sec  dea  amortia- 
aeura  qui  n'ont  pea  dtd  lindarisds 


On  a dtd  conduit  aprds  une  sous  structuration  aur  2 niveaux,  k rdsoudre  k chaque  paa  un 
systdme  non  lindaire  du  type. 


aigne  de 
avec 


Hi 


( • c Hi 
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1 A i 4 Nombre  d 'amort  1 secure 

enfonceoent  du  idme  aanrtiaseur  k l'instant  T. 


Ce  systdme  dont  lea  incoonuea  aont  nosabre  d ' amort isseurs eat  rdaolu  exactemant  par  relaxation. 

Nous  prdsentons  aur  lea  planches  3 k 6 quelques-une  dea  rdaultats  de  cette  dtude  compards 
k dea  rdaultats  d'eaaals  en  vol . 

On  remarquera  que  noua  avoos  tenu  compte  de  la  souplesse  du  pi anchor  et  dea  paaaagers  dont 
1 'influence  n'eat  paa  ndgllgeable. 
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Nous  p«n»oni  qu'une  reduction  par  base  de  chsrgement  Itaii  ausai  judicleuse  que 
grstlon  direct*  lur  ce  problftme,  nous  n*  1* avons  pa*  utlUs*e  car  l'avion  n'ttait  pas  coaplttcaent 
id^alis4  «u  moment  de  ccltc  4tude 

I’ne  reduction  •odala  assays*  prlalablaNiil  doom  it  das  rdsuliais  trfts  oauvals. 

3 32  - Ca^sjjul  t age  • roulemen^  piste  ^rjrtjul  lfere 

Nous  avons  utilise  un  module  tr*s  analogue  pour  la  simulation  du  catapultage  ; s'ajouta  aux 
non  ltnlarltls  du  problem*  pr4c4dant , la  siaulation  da  la  catapultc  el  da  son  llingue,  ainsi  qua 
cella  du  Hold  back  et  da  sa  rupture,  voir  plane  he-  7. 

Nous  proposons  d'^tudier  da  fa{on  analogue  le  roulement  das  avion*  sur  piste  irr4guliftre. 

La  Module  paut  #tra  llnlarisy  ft  1 'exception  du  laainaga  at  du  frottenent  das  amort isseurs  ; an 
r£duisant  par  base  da  chsrgrment , le  calcul  par  integration  diracte  dolt  fttre  alors  d'un  coO t 
extrftmeaent  faible 


4 “ PHQBLKMK  DE  TENTE  RESIDVELLK 

On  paut  art  i f i del  lament  les  decomposer  en  2 families 
4.1  - Calcul  "fall  safe** 


t 


Cast  le  caltul  de  la  redistribution  das  contraintes  aprts  la  destruction  d'un  £16menl  structural. 

Dans  le  domain#*  elastique  ca  type  da  calcul  ne  pose  qu'un  problem*  d'organisat ion  at  da  prix  da 
calcul,  nous  rlduisons  au  mieux  cas  prix  de  calcul  en  utilisant  une  a£thode  da  sous  structuration 
Mgi gogneM  (sous  structure  da  sous  structure)  et  du  calcul  de  la  matrlce  da  flexibility  sur  la  frontifcre 
de  la  zona  modlHle  salon  le  principe  suivant , i'yquilibre  de  la  partie  modifile  s'dcrit 


[[K.-K,]  ♦ K,]  X - F,  -F,  ♦ F* 


K* 

Ki 

*Z 


matrlce  dr  rigidity  dr  la  structure 
Initiate  condenser  au  nivrau  dr  la 
frontier  avre  la  partlc  modifier  ; 
rllr  rat  obtrnur  par  Invrrslon  dr 
la  malrlcr  dr  flexibility  lsaur  dr 
chargemeni  unitalre  aur  lea  points 
dr  la  frontlfcre. 


Ki  - Matrlce  dr  rigidity  initiate  de  la  partie  modifiye  condensye  t la  fronliyre. 

K|  * Matrlce  dr  rigidity  de  la  modification. 

Fp  , Fi  , Fj  second  membre  rydult  corrrapondant . 

Par  cr  proersaua  dr  calcul  dr  la  modification  hauler  uniquement  de  chargement  auppiymentalre  aur 
le  modyle  initial  rt  du  manlemenl  de  matrices  relat i vetnent  petitea. 


On  ne  fournit,  en  donny*  auppiymentalre,  que  la  modyilsslion  dc  la  modification. 


Lea  ryaultata  de  ces  calcula  aont  gynyralement  analyses  "cl aaaiquemenl " , pour  dytermlner  si  la 
rupture  va  ar  propager . 

Dana  lea  caa  ou  cette  analyse  n'est  paa  simple,  on  dyduit  de  ces  calcula  lea  charges  pour  un  esaal 
partlrl . 

4.2  - Propagation  de  dychlrure 

Noua  avons  envisagf  une  approche  du  m#me  type  que  celle  utiliaye  en  fatigue  avec  le  coefficient 
concentration  de  contralnte. 

Le  coefficient  : 


K 


U 


X 

A 


. _i_  A*  , _L 

2*  da  2c 

* Inergie  interne 

■ longueur  de  dychlrure 

■ ypsisseur 

* tUfpl  sceswnt  di  scr4 1 i *4 

* na » r 1 1 #•  de  r i * J d i 1 4 


en  E ¥ 
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K est  cons i d£t & COMB*  cacact £r i ft t lque  de  la  propagation  dr  la  drtchirure  »t  prrisrt  la  co»parai*un  avrc 
on*  £prouv*tt*  simple  dr  mfm*  mat^rlau. 

i 'el  t r th^orlr,  Mauri  blrn  vfrlM^r  rti  tattle  oil  la  contrainte  a*t  an  K*n*ral  parpandiculair*  aux 
l«>vres  d*  la  dt'chirurr , demand*  encore  k Mi*  dcWelopp**  rt  dtayMr  par  1 1 exp£r • nice , pour  des  charge* 
quelconqurs,  tel  que  1 * on  peut  1 e*  trouvet  au  bord  dr*  dlchirure*  d* impact. 

Kn  outre,  rile  peut  necessitrr  d*s  calculs  non  ltn£alre*  (caa  de  prr*»Jon  Interna) 


s * < QNt  Lrrios 

Noun  avons  present*-  uite  suite  d*  mdthodes  de  calcul  que  n chj ■ avons  ut  Iliad  pour  ta  plupart,  not  re 
sentiment  est  qu'en  dehors  de>  probK-mrs  avrc  snort  nsrurs,  riles  ne  permettent  pas  une  confiante  dans  le 
calcul  qut  pourralt  dispenser  d’eftectuer  des  essais 

!.a  raison  est  qu'au  voisinage  dr  la  rupture,  I 'Inergie  est  absorb*  par  les  m^canistne*  les  plus 
complexes  (plasticity,  c i >ai  1 letsent  ou  arrachemrnt  de  rivets,  etc...)  dont  la  representation  exact*  est 
trrs  complexe  et  souvrnt  mal  connur  phys  Iquemenl 

[]  taut  remarquer  que  dans  les  til  di  It  idles  ( i hoc  d'oiseaux,  et  de  projectiles  sur  struct  ure 
courantr',  un  calcul,  non  »culefu*nt  peut  apporter  une  aide  k I ' i nterpret at i on,  mais  permet  de  verifier  le* 
conditions  aux  limltes  dr*  «-pr  oivet  t es  d'essai*,  et  dr  reduire  la  taille  et  le  coOt  d*  ces  dernier*. 

Nous  pensons  him  mieux  domim-r  les  prohlene*  de  choc  sur  amort isseur  cotnne  l*a  tnontrd  le  problfctne 
de  l 'at t err i ssage  ; c'est  lieurrux  car  !vs  charge*  induite*  dans  ce  cas  sont  di mensi onnantes  pour  le*  fuse- 
lages d' avion  civil 
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COMPUTER  METHOD  FOR  AIRCRAFT  VULNERABILITY 
ANALYSIS  AND  THE  INFLUENCE  OF  STRUCTURAL 
DAMAGE  ON  TOTAL  VULNERABILITY 

by 

Dieter  K a r d e 1 s 

I HDUSTR I EAN  LAGEN - B ETR I EB  SGESELLSC HAFT  MB  H 
80 1 o Ottobrunn,  Einsteinstraase 
West  - Germany 


SUMMARY 


This  paper  presents  ah  overview  of  the  methodology  developed 
by  the  Industrieanlagen-Betriebsgesellschaft  ( IABG) , Ottobrunn, 
West  Germany,  for  the  analysis  of  aircraft  vulnerability.  This 
methodology  consists  of  two  basic  computer  models,  the  so- 
called  ammunition  and  target  models.  These  models  are  sc 
constructed  that  the  evaluation  of  ammunition  types  such  as 
AP,  API,  HEI  with  both  impact  and  proximity  fuzes,  and  frag- 
menting warheads  is  possible,  as  is  a detailed  vulnerability 
assessment  of  a particular  aircraft.  The  approach  taken  in  this 
paper  is  the  interaction  of  various  submodels  in  order  to  show 
the  different  types  of  possible  outputs.  A special  emphasis  is 
given  to  the  influence  of  structural  damage  and  aerodynamic 
capabilities  on  total  aircraft  vulnerability.  Some  test  data 
and  model  prediction  results  are  also  graphically  presented. 


I 


C.' 


With  regard  to  the  objective  of  this  aeeting  to  diacuss  available  Methodology 
and  teat  resulta  related  to  the  aaaeaaaont  of  In- flight  daaage  tolerance  as  a 
part  of  the  structural  design  proceaa, 

the  purpose  of  this  briefing  ia  to  present  a aethodology  developed  by  the  IABG 
for  an  overall  Aircraft  Vulnerability  Aaaeasaent. 

The  analysis  and  evaluation  of  a complex  proceaa  suen  as  ln-fllght  damage  in- 
flicted by  military  weapons  is,  in  general,  possible  only  If  a sufficiently 
sophisticated  abstraction  of  this  process  can  be  materialized  in  a model. 

Hereby,  the  quality  and  confidence  of  the  output  data  is  directly  dependent 
upon  the  quality  of  the  weapon  ond  target  input  data  as  well  as  the  resources 
available  for  experimental  investigations. 

Due  to  the  design  complexity  of  high  performance  aircraft  and  their  representation 
as  relatively  soft  targets  It  is  advisable  to  describe  the  aircraft  as  real  and 
93  detailed  as  possible.  With  regard  to  the  operational  capabilities  of  the  air- 
craft, the  description  must  be  so  managed,  that  the  influence  of  damage  to  compo- 
nents of  the  major-subsystems,  the  structure  or  the  engine  can  be  evaluated  with 
the  desired  accuracy. 

The  objective  of  the  study  is  to  establish  an  adequate  data  base  for  systems 
analysis  and  operational  research  studies  relating  to 

o Air  Defense  Weapon  Systems  Effectiveness 
o Aircraft  Vulnerability 

o Military  Requirements  and  System  Specifications 

o Operational  Procedures  and  Tactics  for  AAA-,  SAM-  and  Aircraft  Weapon  Systems. 

The  output  of  the  below-mentioned  submodel  data  analysis  will  be 

o the  effective  vulnerability  analysis  for  a special  aircraft  type  when 
considering  different  ammunition  and  warhead  configurations 

o the  determination  of  design  weakpoints 

o the  criteria  for  use  in  design,  development  and  evaluation  relating  to 

- allocation  and  efficiency  of  armor 

- change  from  component  location 

o assessment  of  critical  components  within  a failure  mode  and  effects 
analysis 

o development  of  kill  categories  for  classification  of  the  effects  of 
damage  on  the  operational  capabilities  of  t.he  aircraft 

- effect  of  subsystem  arrangements  and  assembly  upon  A/C  vulnerability. 

A necessary  prerequisite  to  assessing  the  effects  of  specified  damages 
involves  developing  classification  of  these  damages.  These  classifications, 
called  kill  or  damage  categories,  ore  defined  as  those  damages  which  result 
In  a particular  class  of  effects  on  the  operational  capability  of  the  aircraft. 

For  use  in  this  study  a set  of  four  categories  were  developed.  On  the  basis 
f a fallur**  mode  and  effects  analysis  a list  of  critical  components  was 
.mma sized. 


Some  examples  for  these  categories: 

o Catastrophic  aircraft  loss  (t  ■ 15  sec.): 

such  a condition  will  usually  arise  when  one  or  sore  of  the 
following  conditions  apply: 

- Loss  of  pitch  control 

- Loss  of  control  in  at  least  two  axes 

- Injury  of  single  pilot  (assuming  that,  for  a two  seat  version, 
the  navigator  is  not  able  to  control  the  aircraft) 

- Total  loss  of  engine  power 

- Residual  load  factor  less  than  2 g 

o Aircraft  attrition  (t  * 5 min) 

Loss  of  all  flight  control  power 

- Loss  of  aileron  and  stabilator  power 

- Bleed  air  duct  rupture  in  close  p- cximity  to  fire  vulnerable 
components 

- Uncontrolled  fuel  leakage 

- Uncontrolled  fuel  and  oil  fire 

- Loss  of  minimum  engine  power  requirement 

- Flight  load  due  to  structural  damage  e.g.  of  less  than  3.8  g 
(depending  on  the  flight  profile) 

- Evaluation  of  the  flight  qualities  on  the  basis  of  Mil-F-8785 
F Category  1,  2 and  3: 

Cat.  1 - Flight  capability  during  the  entire  mission  phase 

Cat.  2 - Flight  capability  remains,  but  higher  g's  on  the  pilot 
and/or  a certain  decrease  in  the  mission  capability 

Cat.  3 - Aircraft  still  controllable,  but  increasing  high  g's  on  the 

pilot  or  the  mission  can  no  longer  be  accomplished,  or  both 

o Mission  inability 

Loss  of  engine  power 

- Degradation  of  aircraft  control 

- Performance  limits 

- Flight  load  factor  for  damaged  structures  less  than  the  value  is  needed 
for  the  mission 

o Unable  to  land  normally 

- Landing  gear  failure 

- Brake  failure. 

Fig.  1 shown  the  basic  model  concept  of  the  study.  The  overall  vulnerability 
model  is  divided  into  two  large  models,  the  ammunition  model  and  the  target 
model.  A brief  description  of  these  models  Is  published  in  the  ACARD  ADVISORY 
Report  L7  Volume  J on  Aircraft  Vulnerability  Analysis.  The  nature  of  the 
methodology  generated  for  the  ammunition  and  target  model  is  so  generalized, 
the*,  an  evaluation  of  various  ammunition  types  such  as  AP.  API.  IB!  with  impact 


and  proximity  fuzes  and  f ragmentatlng  warheads  Is  possible 


Vulnrf  a>ilNy  Model 


(Ammunition  Model 


Cun  Mojrt 
Projectile  Model 
Ifuie  Modeli 
fragment  Ittecli  Model 
Bust  Model 

Incendiary  tllects  Model 


Ammunition  and  Vulnerability 
{valuation 


Target  Model 


Target  Data  3ank 

function  Abdel 

Structural  Strength  Model 

Aerodynamic-Fligtitmecl.anics 
Abdel  I 

engine  Model 


Fig.  1;  The  basic  model  concept  of  the  study 


The  threat  situation  is  defined  in  terms  of  the  basic  damage  mechanism.  Each  of 
the  mechanisms  is  represented  by  a mathematical  submodel  which  calculates  the 
damage,  depending  on  the  type  of  weapon  and  the  encounter  situation. 

The  ammunition  model  incorporates  five  major  submodels,  namely  the 

- Gun  Model 

- Projectile  Model  with  Fuze  Model 

- Fragment  Effects  Model 

- Blast  Model 

- Incendiary  Effects  Model. 

While  the  ammunition  model  simulates  the  physical  process  taking  place  from  the 
moment  when  projectiles  arrive  in  the  target  area,  the  target  model  provides  infor- 
mation as  to  the  operational  effects  of  ammunition  damage  on  particular  aircraft  in 
a dynamic  manner. 

To  this  end,  the  target  model  consists  of  a detailed  target  data  bank  and  four  major 
submodels  relating  to 


- Interrelation  of  Aircraft  System  Function 

- Structural  Strength  Determination 
Aerodynamic  and  Fllghtmechanic  Estimations  and 
Engine  Power  Determination. 

rig.  I shows  the  outer  surface  of  the  aircraft,  which  is  approximated  by  relatively 
simple  mathematical  functions  for  example,  ellipsoids,  cones  and  elliptic  truncated 
cones . 

Nearly  5000  components  of  the  equipment  systems  such  as  the  fuel  system,  pneu- 
draulics,  control,  electrical,  engine  and  also  structure,  are  incorporated  into 
the  mathematical  descriptions  of  the  fuselage,  wings  and  the  empennage.  The  shapes 
of  these  components  are  idealized  by  geometrical  bodies. 

The  function  model  represents  the  functional  interconnection  of  the  aircraft's 
components  in  order  to  determine  the  results  of  causalties  and  failures  among  the 
elements  of  a system.  All  systems  have  been  analysed  with  respect  to  their  functional 
process.  By  means  of  circuit  algebra  all  the  components  of  a system  have  been 
connected  and  described  in  a logical  circuit  diagram. 


Fig.  2:  Geometrical  description  of  an  aircraft  as  used  in  the  computer  program 


Fig.  i shows  for  example  the  network  of  a typical  hydraulic  system. 

The  interrelation  of  the  logical  networks  of  all  the  subsystems  (fuel,  electrical, 
control,  etc.)  describes  the  integrated  functional  process  of  the  aircraft. 

In  case  of  a hit,  failing  parts  can  be  identified  as  belonging  to  a system  or  a 
subsystem.  The  resulting  information  as  to  the  state  of  one  system  may  be  an 
initial  value  for  the  determination  of  the  state  of  another  one.  Fig.  4 and  5 
illustrate  a typical  model  output. 


Network  of  a typical  hydraulic  system 


wcra  or  i.  hit  ok  a/c  status 


gncg  OSr  1.  HIT  OH  ENGINE 


STARTS)  WITHOUT  FUEL  SUPPLY 
PRIMS'  DUCT  WITHOUT  FUEL  SUPPLY 
HTDR.  PUW  1 FAILURE  AFTSI  10  MID.  AT  TW  LATEST 

HY».  PUS  ? FAILURE  AFTER  10  HIM.  AT  THE  LATEST 

GENERATOR  1 FAILURE  AFTER  10  MU.  AT  TW  LATEST 

GEMSUTOR  2 FAILURE  AFTER  10  HIM.  AT  TW  LATEST 

TACHOCEMERATOR  FAILURE  AFTER  10  HIM.  AT  TW  LATEST 
RESTARTING  UCOSSIKC  APTS'  10  RIM.  AT  TW  LATEST 


EFFECTS  OF  1.  HIT  OM  COWTROL  SYSTEM 

LEFT  AILERON  OFERAELE  RETARDATION  POSSIBLE 

RIGHT  AILERON  OPERABLE  RETARDATION  POSSIBLE 

STAB  I LA TOP  IS  OPERABLE  RETARDATION  POSSIBLE 

RUDDER  HYDRAULICALLY  OPERABLE  FOR  2*4  TIMES 

LEFT  SPOILER  FAILURE 

RIGHT  SPOILER  FAILURE 

FLAPS  FAILURE 

LEFT  AIRBREAK  FAILURE 

RIGHT  AIRJREAK  FAILURE 


EFFECTS  OF  1.  HIT  ON  FUEL  SYST« 

BOOSTERTANX  SYSTEM  FAILURE 

MAINTAHX  FAILURE.  SELECTING  VALVE  FOR  WING  TANK  OPERABLE 
FUEL  SYSTEM  FAILURE.  EMERGENCY  LANDING  IN  GLIDE 
TOTAL  BREAKDOWN  OF  FUEL  SYSTEM 


EFFECTS  OF  1.  HIT  ON  HYDRAULICS 

POWERS Y ST.  EMERGENCY  SUPPLY,  GEN. PUMP  INDICATOR  1500  PSI 
UTILITYSYST. FAILURE,  LANDING  GEAR  BY  EMERGENCY  PIMP  OPERABLE 
ELEVATOR  EMERGENCY  OPERATING 

RUDDER  CAN  IS  OPERATED  2-4  TIMES  BY  HYDRO  RESERVOIR 
AILERON  ACTUATOR  EMERGENCY  OPERATING 
SPOILER  ACTUATOR  FAILURE. 

AIR  BREAXS  NOT  OPERABLE 

FLAPS  NOT  OPERABLE 

LANDING  GEAR  EMERGENCY  OPERATING 

BREAX5  EMERGENCY  OPERABLE 

COMPRESSOR  FAILURE 

AERIAL  REFUELING  SYSTEM  NOT  OPERABLE 

BOOSTER  RELEASE  MECHANISM  NOT  OPERABLE 

UTILITY  SYSTEM  PRESSURE  INDICATOR  FAILURE 


Fig.  4;  Output  of  the  functional  model 


HIT-CODE 

DISTANCES  FROM  AAA 
SLANT-RANGE 
IMPACT- VELOCITY 
IMPACT-ANGLE 
IMPACT-LOCATION 
IMPACT-COORT I NATES 
SIZE  OF  HOLE 


TR  1 1 1 

HX  * 140 5 M HY  « 40u  M KZ  - 374  h 
1508  M 
721  M/S 
37  deg. 

FUSELAGE 

X =*  640  CM  Y » -0  CM  Z « 12  GK 

115  QCM 


APPLICATION  OF  DAMAGE  CRITERIA  ON  THE  AIRPLANE  AFTER  THE  1.HIT 


THE  AIRPLANE  IS  NOT  ABLE  TO  FULFILL  THE  MISSION 


CAUSED  BY  FOLLOWING  EFFECTS: 

BREAK  DOWN  OF  CABIN  AIRCONDITION 
EQUIPMENT-COOLING  LIMITED  BY  AIRSPEED  AND  DYNAMIC 
PRESSURE 


Within  the  Aircraft  Vulnerability  Analysis  the  influence  of  impact  damage  on 
aircraft  wing  and  empennage  structures  has  been  of  special  interest  in  relation 
to  the  operational  capability  of  the  aircraft. 

The  methodology  and  applicable  computerized  techniques,  which  together  can  be 
used  to  predict  the  reduced  load  carrying  capacity  of  inflight  damaged  structure 
in  relation  to  several  types  of  threat  and  aircraft  design,  is  discussed  in  detail 
in  Mr.  J.Massmann's  paper  "Structural  Analysis  of  Impact  Damage  on  Wings"  (Ref. 4). 
This  paper  gives  a brief  description  of  a recently-developed  Structural  Strength 
Model  and  examines  in  greater  detail  the  functions  and  characteristics  of  a 
Damage  Model.  A discussion  of  a Shock  Wave  Model  and  how  it  analytically  deter- 
mines the  dynamic  response  of  a pressurized  flat  plate  is  also  presented.  Test 
and  Finite  Element  results  are  compared  with  model-predicted  results  in  order  to 
determine  model  credibility.  The  pressures  resulting  from  the  detonation  of 
ammunition  are  discussed  and  the  contributions  of  each  of  the  pressure  components 
to  the  entire  response  are  illustrated.  Some  advantages  of  a new  Fragment  Model 
are  mentioned  and  the  results  from  such  a model  are  compared  with  appropriate 
test  data. 

With  regard  to  the  necessary  core  storage  and  computer  time  for  a special 
structural  analysis  of  impact  damage  on  wings, a simplification  of  the  Structural 
Model  was  performed. 

In  accordance  with  the  experimental  and  model  data,  the  wing  was  subdivided  into 
areas  of  similar  vulnerability. On  the  basis  of  these  calculations,  we  made  the 
assumption  that  every  point  within  the  area  has  the  same  reduced  maximum  load 
factor  after  a hit  has  occurred. 
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Fig.  6 shows,  depending  on  the  location  of  the  impact  and  the  type  of  high 
explosive  ammunition,  the  calculated  residual  load  factors  for  a typical  wing 
configuration.  Within  the  computer  model  these  residual  load  factors  are 
stored  in  a special  matrix  for  calculation  of  the  residual  strength  after  a hit. 

Within  the  scope  of  the  simulation  model,  the  following  Figures  depict  the 
results  of  7i  single  wing  hits.  For  the  sample  calculation,  the  effects  of  a 
special  ammunition  caliber  on  a two  spar  cantilever  wing  of  the  RF-84  have 
been  investigated. 


I 
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Fig.  6:  The  calculated  residual  load  factors  for  a typical  wing  type 
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Fig. 7 gives, for  example,  a survey  of  the  hit  distribution  on  the  target.  The 
data  analysis  enables  one  to  make  precise  statements  about  the  status  of  the 
aircraft  according  to  the  damage  categories.  The  information  on  hits  causing 
attrition  by  system  or  structural  failure  is  demonstrated  by  different  symbols 
on  the  Figure. 


Fig.  7:  Hit  distribution  on  the  target 


Fig.  8 shows  the  detailed  damage  analysis  subdivided  into  damage  relating  to 
mission  inability  and  attrition.  For  each  category  the  portion  of  damage  is 
cataloged  in  relation  to  system  failure,  structure  failure  and  both  system  and 
structure  failure.  The  results  of  this  calculation,  the  effect  of  ammunition  at 
the  target,  as  well  as  the  resulting  consequences  for  the  target,  cannot  be 
transferred  in  general  to  other  aircraft  types. 


Fig.  8:  Percentage  of  A/C  wingfailures  due  to  equipment 

and  structural  damage 
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With  the  forementioned  submodels,  aircraft  damage  was  analyzed  only  from 
the  viewpoint  of  equipment  and  structure  with  a rough  correction  for  the 
influence  of  aerodynamics.  With  a special  submodel  developed  by  MBB  in  Hamburg 
the  analysis  of  stability,  maneuverability  and  performance  capability  for  a 
damaged  aircraft  can  be  made  (Ref.  5). 

Fig.  9 shows  the  block  diagram  of  the  aerodynamic-flightmechanics  model.  As 
input  for  the  two  main  blocks,  a number  of  input  data  must  be  specified. 


I INPUT: 

MISSION. SYST | 

| DAMAGE 

INPUT: 
AEROOYNAMICSr 
OF  OPERATIONAIj 
AIRCRAFT 
STRUCTURE 
DAMAGE 


{OPERATION  A MISSION  PROFILE 


1 


JAEROOYNAMICS  OF 
1 DAMAGED  AIRCRAFT 


PAWL  PROCEDURE 
Ipotential  THEORY 


BOUNDARY  LAYER 
CALCULATIONS  FOR 
WINGS  A TAIL  UNIT 


BOUNDARY  LAYFR 
CALCULATIONS  FOR 
FUSELAGE 


X 


II 


DETERMINATION  OF 
OERIVAIIYt^  OF 
DAMAGED  All  R CRAFT 


1 


FLIGTH  MECHANICS 
OF  DAMAGED  AIRC. 


[FLIGHTCONTROL 

STABILITY 

TRIf.'.MING 

Ielying  qualities 


X 


FLIGHT  PERFORM. 
RANGE 

DISPOSABLE  LOADS 


EVALUATION  OF 
FLIGHT  PERFUFM. 
A CONTROL 


OETEf.V.INATION  OF 
STATUS  Of  FLIGHT 
[ABILITY 


ENGINE  MODEL 


Fig.  9:  Block  diagram  of  the  aerodyikamic-flightmechanics  model 

This  data  includes  the  full  airframe  geometry  and  the  complete  aerodynamic 
characteristic  of  the  undamaged  aircraft  as  veil  as  the  range  of  flight  conditions 
of  the  mission,  the  damage  geometry  (position  and  size  of  damage)  and  type  of 
system  damage  (damage  of  engines,  automatic  control  systems  or  actuators). 

When  we  started  the  work  on  the  aerodynamic  portion  of  the  program,  there  were 
no  methods  known  to  us  for  calculating  the  aerodynamic  data  of,  for  example,  a 
wing  with  a hole.  However,  some  wind  tunnel  test  results  on  additional  drag  of 
open  bomb  bays  and  some  results  of  wind  tunnel  tests  on  a damaged  vertical  tail 
were  available.  Two  ways  of  solving  the  problem  were  considered: 

- A number  of  windtunnel  tests  involving  the  changing  of  parameters  over  a 
wide  range  of  wing  and  damage  geometry 

- A theoretical  method  to  calculate  influence  of  damage  on  the  aerodynamics 
of  wing  and  compare  the  results  with  wind  tunnel  test  data. 

The  available  and  successful  methods  for  calculating  the  aerodynamics  of  undamaged 
wings  such  as  lifting  line  theory  or  lifting  surface  theory  are  unsuitable  for 
calculating  wing  damage.  So  only  the  panel  method  was  useful  for  our  purpose  of 
Investigating  the  effects  of  local  disturbances  on  the  wing  surface. 

The  panel  method  (a  singularity  method)  calculates  the  potential  flow  around  the 
body  under  consideration.  This  means  that  no  friction  or  boundary  layer  separation 
and  compressibility  effects  are  taken  into  account.  This  must  be  done  by  special 
corrections  from  DAS,  JAC0B  and  JUNGCLAUS  in  the  procedure.  Using  the  panel  method. 


the  surface  of  the  airframe  is  covered  with  panels,  each  fitted  with  a source- 
sinkpoint  and  a pivot  point.  On  wing  and  tail  surfaces,  series  of  horse  shoe 
vertices  are  also  provided. 

To  save  computation  time  the  aerodynamic  data  for  wing,  fuselage  and  tail  sur- 
faces were  calculated  separately. 

The  distribution  of  panels  was  performed  in  the  following  way:  Wing  or  horizontal 
tail  was  covered  with  140  panels  (10  strips  for  14  panels)  and  fitted  with  corres 
ponding  horse  shoe  vortices.  This  is  the  minimum  number  to  obtain  accurate  results 
and  the  maximum  number  to  obtain  short  computation  times  or  low  costs  (see  Fig. 10) 
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Panelling  of  vertical  tall  surface 


Panelling  of  wing  and  horizontal  tail  surface 


Fig.  10:  Panelling  of  wing  and  tail  surfaces  for  calculations  with 

the  aerodynamic  model 
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Now,  how  can  damage  or  a hole  In  a wing  be  simulated? 

Damage  to  the  wing  by  ammunition  can  be  of  many  forms  and  there  is  no  chance 
of  realizing  all  these  forms  in  the  simulation.  Wind  tunnel  test  results 
showed  that  the  main  influence  is  exercised  by  the  hole  position  and  hole  size 
and  that  there  is  only  a small  effect  of  the  hole  form.  So  the  parameter  "hole 
form"  will  be  neglected. 

To  obtain  a good  simulation  many  different  ways  of  panel  distribution  around 
the  hole  were  tried.  But  the  simplest  form  of  simulalation  produced  the  best 
results.  To  describe  a hole  by  the  panel  method,  we  only  have  to  omit  the  panels 
which  correspond  to  the  hole,  which  is  assumed  to  be  circular.  Different  positions 
or  areas  of  the  real  hole  or  damage  and  the  substituted  panel  hole  are  corrected 
by  special  factors.  In  the  case  of  damage  to  the  wing  leading  edge  - and  on?y  in 
that  case  - the  pannelled  airfoil  must  be  closed  in  the  front  part  by  additional 
panels . 

Past  experience  has  shown  that  correct  absolute  values  of  aerodynamic  data  can- 
net  be  expected  from  singularity  methods  for  damaged  or  for  undamaged  aircraft. 

So  a trick  was  used  to  get  usable  aerodynamic  data  for  the  damaged  aircraft:  By 
the  aid  of  the  panel  method  we  calculated  the  data  for  the  undamaged  aircraft  as 
weli  as  for  the  damaged  aircraft.  The  difference  between  these  values  - that  is 
the  influence  of  ttie  damage  - is  added  to  the  known  data  for  the  undamaged  aircraft 
from  flight  or  wind  tunnel  tests. 

As  well  as  these  calculations,  a series  of  wind  tunnel  tests  was  performed  on  a 
semi  span-rectangular  wir.g  model  with  holes  to  check  the  calculation  results. 

Test  results  and  calculation  results  are  compared  in  the  diagrams  11  - 15  (the 
shadowed  area  on  the  wing  sketch  shows  the  damaged  area). 

In  the  mathematical  model  the  aerodynamic  data  are  converted  into  derivatives 
which  are  used  in  the  flight  mechanics  model  part.  Now,  with  this  data,  the  flight 
characteristics  will  be  calculated  in  the  flight  mechanics  block  for  aircraft  with 
or  without  automatic  control  systems.  For  this  purpose,  methods  are  chosen  which  are 
frequently  used  during  the  development  of  an  aircraft. 

For  example,  the  dynamic  longitudinal  and  lateral  stability  are  determined  from  so 
called  eigenvalues,  special  forms  of  the  damping  and  frequency  of  the  uncontrolled 
aircraft  motion.  This  form  of  result  is  favorable  for  the  assessment  of  the  aircraft 
since  the  requirements  for  flight  characteristics  (for  example,  in  the  MIL  SPEC 
8785  B)  are  represented  by  limitations  in  damping  and  frequency  for  all  modes  of 
aircraft  motion.  Later  in  the  program  the  ability  of  the  aircraft  to  be  trimmed 
is  checked.  Rudder,  elevator  and  aileron  deflection  available  after  trim  are  the 
basic  data  for  the  determination  of  the  maneuverability. 

In  the  flight  performance  program  block  the  loss  of  range  due  to  additional  drag 
and  the  ability  for  curved  flights  are  checked. 

The  results  of  the  flight  mechanic.',  program  blocks  for  the  damaged  aircraft  in  the 
operation  points  will  be  compared  witi.in  the  program  with  minima  and  maxima  of  the 
allowable  range  for  these  values.  Most  of  these  requirements  are  taken  from  MIL 
SPEC  8785  B,  ie.,  the  minima  and  maxima  for  stability  of  aircraft  motion.  Some 
nominal  values  must  be  fed  into  the  program  by  the  user/operator  (for  example, 
operational  range  and  information  about  curved  flight). 


After  the  assessment  of  the  characteristics  and  performance,  the  results  are 
stored  on  computer  tapes  and  are  printed  out  on  line  printer. 

The  next  Figure  showssome  results  form  calculations: 
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Fig.  16  shows  the  roll  moment  coefficient  due  to  wing  assymmetry  for  different 
wing  damages  of  an  RF-'*.  The  hole  is,  as  in  the  following  diagrams,  a hole  through 
the  entire  wing  (i.e.,  a through  hole)  with  equal  damage  area  on  upper  and  lower 
wing  surface.  (Specified  hole  areas  are  those  of  only  one  hole,  for  example,  that 
of  the  upper  wing  surface).  The  aircraft  can,  independent  of  attack,  produce  a 
roll  moment  coefficient  by  aileron  deflection  of  maximum  = 0,020.  The  roll 
moment  due  to  damage  is  linear  and  dependent  on  the  angle  of  attack  and,  in  the 
landing  phase,  is  about  three  times  the  value  shown  in  the  graph.  So  it  is  clear 
that,  at  low  speeds,  a special  A/C  with  a damage  of  more  than  3 ft2  in  the  leading 
edge  area  of  the  outer  wing  cannot  be  trimmed  by  aileron  and  it  will  be  lost. 

Fig.  17  shows  the  value  h ( ujq  2/ n 4 ) , a measure  of  dynamic  longitudinal  stability. 
Good  flyable  fighter-aircraft  need  a d (w42/njt  ) = 0,28  or  more.  At  less  than 
A ( Wo 2/^ ) = 0.16  the  aircraft  can  no  longer  be  flown  safely.  This  means  that 
by  a change  of  A (c J02/h  , ) = -0.12  the  aircraft  can  become  unflyable.  This  value 
can  be  reached  by  leading  edge  damage  (through  hole)  of  about  3 ft  as  shown  in 
the  diagram. 

The  usage  of  this  program  is  limited  in  certain  respects.  Such  limitations 
are  caused  by  the  mathematical  methods  which  are  used  or  by  the  scheme  of  the 
program.  It  can  only  be  used  to  analyze  subsonic  fiignt  (Ma  = 0.9).  Because  of 
the  linearity  of  the  panel  method  the  aspect  ratio  of  the  wing  must  not  be  too 
low  (via  1.8).  The  speed  must  be  (V  * 1.2  Vg).  The  program  is  so  formed  that  the 
aircraft  must  be  a monoplane  (no  biplane!),  one  horizontal  tail  and  one  vertical 
fin.  Wings  or  tail  surfaces  may  have  only  one  inconstancy  of  contour  on  each  side 
and  the  contour  must  be  unchanged  during  one  computer  run.  These  limitations  can 
be  removed  by  moderate  changes  in  the  program. 

The  engine  model,  developed  by  the  DFVLR  in  Braunschweig,  consists  of  three  sub- 
models which  describe  mathematically 

- the  position,  shape  and  material  of  the  components  of  the  engine  and  its 
subsystems.  (Fig.  18  illustrates,  for  example,  the  geometrical  description 
of  the  compressor  section) 

- the  capability  of  the  engine-subsystems  when  components  of  these  systems 

' are  damaged 

- the  performance  of  the  engine,  when  the  actual  gaspath-components  are  damaged 
in  order  to 

- determine  the  point  cf  Impact  and  the  damaged  components  and 

- to  obtain  on  the  basis  of  a failure  mode  analysis  information  about  the 
disturbed  function  of  the 

o fuel  system 
o lubrication  system 
o hydraulic  system 

calculate  the  performance  data  of  the  undamaged  and  damaged  engine  fcr  any 
chosen  flight  altitude  and  Mach  number  and  the  demanded  thrust. 


The  computation  of  the  influence  of  damage  on  the  engine  systems  takes  into 
consideration  the 
o variable  guidevan-system 
o variable  nozzle-system 
o fuel  control 
o lubrication  system 

- computing  the  influence  of  damaged  gas-pa th-corponents  for,  e.g., 

o air  inlet  ramps 
o compressor 
o combustion  chamber 
o turbine 
o after  burner 
o exhaust  nozzle. 

Fig.  19  gives  a survey  of  the  relationship  between  the  different  submodels  for 
a vulnerability  assessment. 


Fig.  19:  Realationship  between  the  different  submodels  of  the  study 
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The  output  of  the  ammunition  model  provides  input  data  for  the 

structural  strength 
the  function  and 
- the  aerodynamics  analysis. 

With  regard  to  the  computer  time  the  analysis  will  be  done  in  three  steps  taking 
into  consideration  the  specific  damage  criteria.  If  the  conditions  are  satisfied, 
the  computer  run  stops  automatically. 

This,  in  general,  is  a brief  overview  of  the  total  structure  of  the  IABG  model 
which  is  currently  operational  on  our  CDC  computer  system.  It  can  be  said  in 
conclusion  that  this  model  is  serving  our  purposes  well  and  is  providing  an 
accurate  means  of  evaluating  the  effects  of  damage  on  the  operational  capability 
of  aircraft. 
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SUMMARY 

A combination  of  simple  theory  and  test  has  been  used  to  investigate  the  damage  tolerance  of  semi- 
monocoque  aircraft  structure.  The  simple  theoretical  method  which  has  been  developed  may  be  used  to  pre- 
dict deformation,  strain,  and  fracture  of  aircraft  skin  subjected  to  blast  attack.  Test  results  and 
predictions  of  the  theory  compare  favorably.  The  method  is  used  to  analytically  delineate  the  factors 
that  significantly  affect  skin  damage  tolerance.  For  the  conditions  studied  these  factors,  in  decreasing 
order  of  influence,  are:  standoff  distance,  panel  width,  skin  thickness,  aspect  ratio,  skir  ultimate 
strength,  rivet  spacing,  and  rivet  hole  diameter  to  skin  thickness  ratio. 

In  addition,  test  results  of  two  types  of  semimonocoque  helicopter  tail  booms  damaged  by  bare 
explosive  charges  and  small-caliber,  high-explosive  projectiles  while  under  simulated  maximum  flight 
load  show  that  both  skin  and  the  skin  stiffening  system  are  important  in  the  damage  tolerance  of  these 
structures.  Damage  tolerance  of  these  structures  is  proportional  to  the  section  modulus  of  the  undamaged 
section  and  inversely  proportional  to  the  amount  of  skin  removed  from  the  structure  by  the  damaging  agent. 
Furthermore,  it  is  also  demonstrated  that  large  increases  in  damage  tolerance  can  be  achieved  by  increasing 
longitudinal  stiffness. 


INTRODUCTION 

The  genesis  of  this  study  lies  in  the  need  for  a method  for  determining  the  tolerance  of  aircraft 
structure  to  the  damaging  effects  of  high  explosive  munitions.  This  need  encompasses  the  requirements 
th.r.  the  method  be  reasonably  accurate  and  account  for  all  the  pertinent  factors  that  influence  aircraft 
damage  tolerance.  In  addition,  the  method  should  be  simple  in  form  and  execution  so  that  practical  answers 
can  be  easily  obtained  with  minimum  time  and  effort.  These  requirements  represent  a somewhat  formidable 
task  for  a structural  system,  the  aircraft,  which  depends  in  large  measure  for  its  successful  operation 
upon  the  fine  details  of  its  design. 

The  present  study  addresses  the  subject:  damage  tolerance  of  semimonocoque  aircraft  to  skin  loss  from 

blast  attack.  The  object  of  the  study  is  to  develop  an  analytical  base  that  can  be  used  to  delineate  those 
factors  that  affect  skin  blast  damage,  their  relative  influence  on  skin  damage  tolerance,  and  the  effects 
of  skin  damage  in  turn  on  the  structural  damage  tolerance  of  the  overall  aircraft.  Such  knowledge  of  damage 
tolerance  may  then  be  employed  in  the  design  process,  both  in  the  design  of  damage-tolerant  aircraft  as  well 
as  in  the  design  of  antiaircraft  munitions.  It  can  also  be  used  to  assess  the  vulnerability  of  existing 
or  proposed  aircraft  as  well  as  in  the  vulnerability  reduction  of  existing  aircraft. 

The  report  describes  those  factors  that  affect  the  blast  damage  tolerance  of  semimonocoque  aircraft 
skin,  discusses  the  relative  sensitivity  of  skin  blast  damage  tolerance  to  these  factors,  an-  relates  these 
factors  to  the  overall  blast  damage  tolerance  of  helicopter  tail  booms  and  aircraft  structure  in  general. 

The  method  that  was  developed  and  employed  to  analyze  aircraft  skin  panels  for  blast  damage  and  delineate 
the  role  of  the  various  factors  that  influence  skin  blast  damage  tolerance  is  described  and  comparison 
between  predictions  of  the  method  and  skin  panel  blast  test  results  is  discussed.  In  addition,  the  test 
results  of  two  types  of  helicopter  tail  booms  damaged  while  under  simulated  flight  load  by  bare  explosive 
and/or  small  caliber,  high-explosive  projectile  fire  are  discussed  in  terms  of  the  tolerance  of  these 
structures  to  the  incurred  damage. 


SKIN  DAMAGE  THEORY  AND  TEST 

A combination  of  simple  theory  and  test  is  used  to  investigate  and  evaluate  the  terminal  effects  of 
high-explosive  antiaircraft  munitions  fuzed  to  detonate  inside  helicopter  tail  booms  and  aircraft  fuselage 
structure.  The  analytical  formulation  treats  the  structure  between  frames  as  panels  supported  by  frames 
and  longerons.  To  account  for  inherent  variations  in  fuze  delay  and  projectile  aimpoint,  the  model  is 
capable  of  treating  detonation  at  any  point  within  the  structure.  The  damage  caused  by  detonation  at  such 
a spatially  variable  point  is  treated  by  an  assumed  first  mode  deformation  pattern.  The  blast-deformation 
damage  process  is  characterized  by  the  law  of  conservation  of  energy  and  tail  boom/aircraft  fuselage 
fracture  criterion.  Expressions  for  the  work  done  on  the  structure  by  the  blast  and  structure  strain 
energy  are  derived.  The  work  done  on  the  panel  by  the  blast  is  found  by  considering  the  energy  fluence 
of  the  blast  wave  incident  upon  the  panel.  Because  of  the  gross  deformation  incurred  by  blast,  the  panel 
is  assumed  to  behave  as  a rigid-linear  strain  hardening  material.  This  allows  the  strain  energy  to  be 
reduced  to  a simole  expression  which,  when  combined  with  the  energy  from  the  blast  in  the  conservation 
of  energy  relation,  yields  explicit,  equations  for  deformation,  strain,  and  stress.  This  inplane  stress 
is  combined  with  the  average  transverse  shear  stress  at  the  panel  edge  to  obtain  the  principal  stress. 
Fracture  is  characterized  by  the  maximum  normal  stress  criterion.  In  this  manner,  all  the  pertinent 
material,  geometrical,  and  explosive  factors  that  characterize  skin  fracture  from  blast  are  accounted  for. 


The  law  of  conservation  of  energy  states  that  the  work  E done  by  the  external  forces  in  altering  the 
configuration  of  the  natural  (or  unstrained)  state  to  the  state  at  time  t is  equal  to  the  sum  of  the 
kinetic  energy  K and  the  strain  energy  (I.  The  strain  energy  U may  be  conceived  as  the  energy  stored  in 


the  body  when  it  is  brought  from  the  configuration  of  the  natural  state  to  thr  state  at  the  time  t.  This 
law  may  be  expressed  by  the  equation 


E - K + U. 


O) 


The  body  system  here  is  taken  as  an  individual  skin  panel  in  the  aircraft.  The  functions  E,  K,  and  U 
are  defined  as  follows: 


[uX  ♦ vY  + wZ]  • dA 

(2) 

X = \ m (vf2  - Vj2) 

(3) 

U = / U • dV 

•'v 

(4) 

where  u,v,w 


X,Y,Z 

A 

m 

Vvi 

u 

u 

V 


panel  displacement  in  the  short  panel  dimension  direction,  long  panel  dimension 
direction,  and  transverse  directions,  respectively; 

external  stresses  in  the  u,  v,  and  w directions,  respectively; 

surface  area  of  the  body  over  which  the  external  forces  are  applied; 

mass  of  the  body; 

final  and  initial  velocities  of  the  body; 
strain  energy  volume  density; 
strain  energy;  and 
volume  of  the  body. 


The  time  interval  over  which  this  relation  is  applied  is  from  an  instant  immediately  preceding 
arrival  of  the  blast  wave  to  the  time  when  the  panel  has  come  to  rest.  Since  the  initial  and  final 
relative  velocities  of  the  panel  are  zero,  K = 0 whereby  the  conservation  of  energy  law  reduces  to 


E ■ U.  (5) 

For  convenience  it  is  assumed  that  X = Y « 0.  Further,  if  the  external  work  is  measured  in  terms 
of  blast  energy  fluence,  or  rate  of  energy  flow  through  a surface  of  unit  area  Ep,  external  work  on  the 
panel  may  be  expressed  as  ' 


E =■  JJ  Ep  • dA 

where  the  integration  is  taken  over  the  panel  surface  and  energy  fluence  is  defined  as 


(6) 


(71 


where  Ep  * blast  energy  fluence, 
p = incident  overpressure, 
u « particle  velocity,  and 

t = time  from  occurrence  of  the  peak  overpressure. 

The  typical  blast  wave  pressure-time  history  may  be  expressed  by  the  empirical  equation 


t 


where  P = peak  overpressure, 

e ' base  of  the  natural  system  of  logarithms,  and 
At  * time  duration  of  the  positive  overpressure  phase. 


(8) 
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Substitution  of  the  pressure-time  relation,  Eq.  (8),  into  the  energy  fluence  definition,  Eq.  (7),  and 
subsequent  integration  over  the  time  duration  of  the  overpressure  At  results  in  the  relation 


Ep  * 0.1137  PuAt. 


(9) 


Values  of  P,  u,  and  At  for  a given  explosive  charge  weight  and  standoff  distance  to  the  structure  for 
SO/SO  Pentolite  may  be  obtained  from  Reference  1.  Performing  the  integration  of  Ep  given  by  Eq.  (9) 

over  the  surface  of  a rectangular  panel  as  indicated  by  Eq.  (6)  yields  the  following  expression  for  the 
work  done  by  the  blast  wave  on  the  panel  if  it  is  assumed  that  the  loading  is  uniform  over  the  panel 
surface. 


E * 0.1137  PuAtab , 


(10) 


where  a is  the  short  edge  and  b is  the  long  edge  of  the  panel.  The  term  in  the  conservation  of  energy 

statement  that  remains  to  be  evaluated  is  the  panel  strain  energy  U. 

To  develop  an  expression  for  the  panel  strain  energy,  the  skin  may  be  treated  as  a uniformly 
loaded,  thin  rectangular  plate  that  undergoes  large  transverse  deflection  of  the  form 

K * C r.8  cos  cos  a * .2  cos  cos  SSL  . ,6  cos*  SL  Cos*  =£1 , (11) 

ab  ab  a b J 

where  C is  deformation  amplitude.  This  deformation  pattern  corresponds  to  a rectangular  plate  with 
combined  simply  supported  and  clamped  edges.  The  plate  is  assumed  to  deform  in  this  manner  with  in- 
creasing amplitude  until  the  principal  stress  becomes  equal  to  the  ultimate  tensile  strength  of  the 

material.  At  this  point  the  plate  is  assumed  to  fracture,  or  tear. 

A general  expression  for  the  strain  energy  of  deformation  of  a flat  plate  U is 


■///( 


a e ♦ o e ♦ c e 
xx  y y xy  xy 


y) 


dx  dy  d7 , 


(12) 


where  ax>(,y’c,xy  are  t>,c  normal  and  s!,eaf  stresses  in  the  x and  y plane  of  the  plate  and  ex>e  ,exy  are  the 

strains  in  the  plane  of  the  plate  with  dx  dy  dz  an  incremental  volume  in  the  plate.  Since  the  blast 
attack  produces  gross  deformation  throughout  the  plate  and  the  material  is  assumed  to  be  rigid-linear 
strain  hardening,  the  stress  components  are 


xy 


F ♦ E e 
y p x 

F * E e 

y p y 

S + G e 

y p xy 
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where 


E ,G  » 
P P 

and  the  strain 


tensile  yield  strength, 
shear  yield  strength, 

normal  and  shear  moduli  in  the  plastic  region,  respectively, 
energy  equation,  Eq.  (12),  becomes 


U 


F e 

y y 


s ' 

y *yJ 


• dx  dy  dz. 


Expressions  for  the  strains  accompanying  finite  deformations  are 


where  z Is  the  distance  from  the  midsurface  of  the  plate. 


(14) 


(15) 


<>-4 


Substitution  of  the  deflected  shape  and  its  derivatives  into  Eqs.  (15).  substitution  of  the  resul- 
tant expressions  into  the  strain  energy,  Eq.  (14),  and  subsequent  integration  yields  the  following 
expression  for  membrane  (Um)  and  bending  (U^)  strain  energies,  with  the  plastic  moduli  taken  to  be  zero 
for  simplicity: 


UB  • 5.1888  F h(a  * })c2 

' ' (10) 

Ub  » 3.9669  Fyh^B  ♦ C 

in  which  Sy  has  been  taken  equal  to  F //S’,  h is  the  skin  thickness,  and  8 = b/a  « aspect  ratio.  Now,  by 

equating  the  sum  of  these  strain  energies  to  the  external  work  expression,  Eq.  (10),  and  solving  for 
deformation  amplitude,  we  have 

C - J T-  • 7645  h * V. 5845  h*  7 .08765  d7) 

The  highest  inplane  strain  occurs  at  the  midpoint  of  the  long  panel  edge  (i.e.,  length  a)  and  is  given  by 


e = 2 (.02CJ  * . 6hC) . 

xm  V a / 


(18) 


Kith  the  strain  known,  the  inplane  stresses  can  be  obtained  from  the  stress-strain  relation,  Eq.  (13). 

The  transverse  shear  stress  is  obtained  by  considering  the  average  normally  reflected  pressure  from 
the  Mast  wave  that  acts  on  the  skin  panel.  For  the  form  of  the  wave  given  by  Eq.  (8),  the  average 
normally  reflected  pressure  is  equal  to  0.2073  P^  where  Pfi  is  the  neak  normally  reflected  pressure. 

As  before,  the  blast  wave  is  assumed  to  be  uniform  over  the  panel,  so  the  transverse  load  becomes 
0.2073  P ab.  The  net  cross  sectional  area  of  the  skin  along  the  rivet  line  is  equal  to 

T1 

2h(a  ♦ b)(l  - kh/n)  where  k is  the  rivet  hole  diameter  to  skin  thickness  ratio  and  D is  the  centor-to- 
centcr  spacing  of  the  rivets.  Therefore  the  transverse  shear  stress  at  the  edge  of  the  skin  panel,  given 
by  the  transverse  load  divided  by  the  net  cross  sectional  area  of  the  skin  at  its  edges,  becomes 

0.1037  Pnab 

T * h(a  * b^f-  khToT  • (19) 

Kith  both  the  inplane  normal  stress  and  transverse  shear  stress  known,  the  principal  stress,  Oj, 
may  be  obtained  and  compared  to  the  ultimate  tensile  strength  of  the  skin,  F_.,  which  is  used  here 
to  characterize  fracture.  So,  when  the  ratio  of  ultimate  strength  to  principal  stress  defined  here  as 
the  safety  factor. 


SF 


(20) 


becomes  equal  to  or  less  than  one,  the  skin  is  assumed  to  fail. 

Equations  17  through  20  are  used  here  to  demonstrate  the  effects  of  the  various  independent  parameters 
on  safety  factor.  The  information  generated  by  use  of  these  relations  is  listed  in  Table  I and  is  shown 
in  Figures  1 through  7.  Since  the  safety  factor  indicates  the  level  of  maximum  stress  in  the  skin  and 
J is  also  a measure  of  structural  integrity,  it  represents  structural  tolerance  to  damage.  Consequently, 
it  is  selected  here  as  one  of  the  indicators  of  damage  tolerance. 

A total  of  25  bare  explosive  charge  test  firings  were  performed  against  individual  panels  of  two 
different  types  of  helicopter  tail  booms  to  substantiate  the  theory  just  presented.  These  tests  comprised 
two  different  skin  sheet  materials,  one  a magnesium  alloy  and  the  other  an  aluminum  alloy.  The  panels 
tested  varied  in  width  from  3.5  inches  (8.89  cm)  to  6.6  inches  (16.764  cm),  in  length  from  13  inches 
(33.02  cm)  to  21  inches  (53.34  cm),  and  in  thickness  from  0.021  inch  (0.5334  mm)  to  0.040  inch  (1.016  mm). 
Aspect  ratio  varied  over  the  range  from  2.9  to  5.3.  The  explosive  used  in  the  tests  was  bare,  spherical 
50/S0  Pentolite.  Charge  size  ranged  from  0.00375  pound  (1.7  grams)  to  0.0703  pound  (31.9  grams). 

Standoff  distance  measured  along  the  normal  to  the  panel  skin  from  the  midpoint  of  the  panel  to  the 
center  of  the  explosive  charge  ranged  from  4 inches  (10.16  cm)  to  15  inches  (38.1  cm).  This  combination 
of  charge  sizes  and  standoff  distances  used  in  the  tests  provided  a range  in  peak  incident  overpressure, 
time  duration,  and  particle  velocity  from  39.2  psi  (0.27  MPa)  to  792  psi  (5.46  MPa),  28  to  259  micro- 
seconds, and  14,685  inches/second  (373  meters/second)  to  85,085  inches/second  (2,161  meters/second), 
respectively.  These  ranges  mean  that  peak  incident  overpressure,  time  duration,  and  particle  velocity 
were  varied  in  the  tests  by  a factor  of  20,  9 and  6,  respectively. 

In  these  tests  strain  gage  measurements  were  made  at  the  midpoint  of  the  panels  and  at  the  midpoint 
of  the  long  edges.  Unfortunately,  some  of  the  desired  data  was  lost  because  of  technical  difficulties 
of  one  kind  or  another.  For  example,  in  some  cases  leads  were  broken  during  test;  in  others,  gages 
partially  or  totally  debonded.  However,  nineteen  successful  panel  midpoint  strain  records  were  obtained 
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along  with  twelve  successful  records  at  the  long  edge  midpoint  location.  Correlation  between  predicted 
strains  and  these  test  results  was  found  to  he  favorable.  The  theoretical  strain  predictions  and  test 
results  compared  within  an  average  error  of  6 percent  at  the  panel  midpoint  and  within  an  average  error 
of  11  percent  at  the  midpoint  of  the  long  edge.  Correlation  between  the  fracture  predictions  and  test 
results  was  also  found  to  be  favorable.  According  to  the  theory,  three  skin  panels  were  predicted  to 
fracture.  These  three  did  fracture  along  with  two  additional  panels.  The  maximum  deviation  between 
the  predicted  and  test  safety  factor  was  15  percent  for  those  two  panels  that  were  not  predicted  to  fail 
hut  did. 


TAIL  BOOM  DAHACF  TOLFKANCF  TFSTS 

Two  different  types  of  scraimonocoque  helicopter  tail  booms  were  tested.  Both  were  roughly  the  same 
site.  One,  labeled  type  A for  the  purposes  of  this  report,  consisted  of  eight  bays  along  its  length  plus 
its  empennage.  This  tail  boom  was  essentially  an  all-aluminum  alloy  boom.  The  other  tail  boom,  labeled 
type  B,  consisted  of  ten  bays  plus  empennage,  with  an  aluminum  alloy  stiffening  system.  Its  top  and 
bottom  skins  were  of  aluminum  allov  with  a magnesium  alloy  for  its  side  skins. 

For  some  of  the  tests  these  tail  booms  were  modified  with  additional  longerons  and  stringers  to 
determine  their  influence  on  damage  tolerance.  These  longerons  and  stringers  were  obtained  from  other, 
untested  type  B tail  booms.  Identical  longerons  and  stringers  were  used  in  the  modifications  of  both 

tail  boom  types.  One  type  A tail  boom  was  modified.  Two  longerons  and  two  stringers  were  added  to  the 

predominately  tension  side  of  the  boom.  Two  of  the  type  B tail  booms  were  modified.  In  this  case  two 
longerons  and  two  stringers  each  were  added  to  both  sides  of  the  type  B tail  booms.  In  all,  a total  of 
seven  booms  were  tested:  three  unmodified  and  one  modified  type  A booms,  and  one  unmodified  and  two 

modified  type  B booms.  (See  Table  II.) 

In  order  to  test  these  tail  booms  while  loaded,  they  were  bolted  at  their  manufacturing  joint  to  a 

rigid  fixture  and  deadweight-loaded  at  their  elevator  and  tail  rotor  attachment  points.  The  boom  axis 

in  this  arrangement  was  horizontal.  In  all  tests  hut  one,  the  tail  booms  were  loaded  to  simulate  their 
maximum  flight  load  conditions.  These  conditions  were  different  for  the  two  types  of  tail  booms.  In 
one  test  the  type  B tail  boom  was  loaded  to  only  6?.  percent  of  its  maximum  flight  load. 

Two  types  of  damaging  agents  were  employed,  a 0.05'.)5-pouml  (18-gram)  hare  spherical  S0/50  Pentolite 
explosive  charge  and  a small-caliber,  high-explosive  projectile.  The  hare  charges  were  statically  deto- 
nated at  various  standoff  distances  from  the  helicopter  structure  to  achieve  the  desired  levels  of 
damage.  These  charges  were  all  detonated  within  the  tail  hoom  interior  at  points  located  midway  between 
adjacent  frames  of  the  bays  tested.  The  projectile  was  fired  so  as  to  strike  the  hoom  normal  to  its 
longitudinal  axis  at  the  longitudinal  midpoint  of  the  selected  target  bay.  The  striking  speeds  were 
approximately  equal  to  60,  67,  and  100  percent  of  the  projectile  muzzle  velocity.  All  projectiles 
detonated  within  the  interior  of  the  tail  booms.  The  aimnoints  were  varied  from  test  to  test. 

Measurements  of  overall  tail  boom  deflection  and  skin  loss  were  made.  Two  surveyor's  transits 
located  roughly  along  the  tail  hoom  longitudinal  axis  and  about  40  feet  (12.2  meters)  behind  the  tail 
boom  were  used  to  measure  deflection  at  the  tail  end  of  the  booms.  These  measurements  were  made  both 
after  the  load  was  applied  to  the  boom  and  then  after  the  boom  was  damaged  by  the  explosive  or  projectile. 

In  this  manner,  the  increase  in  deflection  caused  by  the  damage  was  obtained.  Cross  skin  loss  was  also 
measured.  Included  in  this  measurement  was  the  total  area  of  the  skin  that  was  blown  away  or  otherwise 
removed  from  the  structure  by  the  damaging  agent.  The  area  removed  by  fragments  that  perforated  the 
skin  was  not  included  in  the  skin  loss  measurements. 

Tne  test  results  are  given  in  Table  II.  In  this  table  the  test  number,  modification  (yes  or  no), 
applied  load,  bays  damaged,  skin  loss  to  total  skin  affected  ratio,  and  scaled  deflection  increment  are 
listed.  The  test  number  indicates  the  type  of  hoom  (A  or  B) , the  number  of  the  hoom  tested  (given  by 
the  first  digit  after  the  letters  A or  B) , and  the  number  of  the  test  performed  on  the  hoom.  For 
example,  Al-2  refers  to  type  A tail  boom,  the  number  1 tail  boom,  and  the  second  test  firing  into  hoom 
number  Al.  A total  of  five  test  firings  were  performed  on  boom  number  A1 . Four  of  these  were  in  bay  4-5 
(tests  Al  - 1 through  Al-4),  and  one  test  firing  was  made  in  hay  7-8  (test  A1--5) . Bare  explosive  charges  ‘ 
were  used  in  these  tests.  The  high-explosive  projectile  was  used  as  the  damaging  agent  in  all  the  other 
tests  listed  in  Tahle  If.  In  this  table  the  applied  load  is  listed  as  maximum  flight  load  for  all  the 
tests  except  test  Bl.  The  applied  load  employed  in  test  B1  was  63  percent  of  the  maximum  flight  load. 

The  extent  of  skin  damage  to  the  structures  is  listed  in  Tahle  II  as  the  ratio  of  skin  that  was  lost 
because  of  the  damaging  agent  to  the  total  skin  area  in  all  hays  affected  by  the  damaging  agent.  Damage 
to  the  skin  in  terms  of  skin  actually  removed  from  the  structure  generally  occurred  over  more  than  the 
target  bay.  The  two  adjacent  bays  generally  suffered  some  skin  loss  as  well  as  the  target  bay. 

Consequently,  the  total  skin  area  affected  was  either  the  skin  area  in  one,  two,  or  three  hays,  depending 
upon  whether  skin  loss  was  confined  to  only  one  hay  or  extended  to  a second  or  third  bay,  respectively. 

The  measures  of  damage  tolerance  used  in  these  tests  arc:  (1)  whether  the  tail  hoom  failed  or 
sustained  the  applied  load  under  fire,  and  (2)  scaled  deflection  increment.  Scaled  deflection  increment 
is  defined  here  as  the  ratio  of  deflection  caused  by  the  incurred  damage  to  the  overall  length  of  the  tail 
boom.  As  described  previously,  this  additional  deflection  is  obtained  by  measuring  the  deflection  after  a 
test  and  subtracting  from  it  the  deflection  of  the  tail  hoom  under  the  applied  load  measured  before  the  firing 
test.  Scaled  deflection  increment  is  proportional  to  the  maximum  strain  in  the  structure  and  as  such  is 
considered  in  this  study  a good  measure  of  damage  tolerance.  The  lower  the  scaled  deflection  incre- 
ment for  a given  amount  of  skin  loss,  the  higher  is  the  damage  tolerance  of  the  structure. 

The  data  listed  in  Table  II  is  discussed  in  the  next  section.  The  deflection  data  for  the  type  A 
tall  booms  is  shown  in  Figures  8 and  9. 
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In  this  discussion,  damage  tolerance  is  characterized  either  by  safety  factor  or  by  scaled  deflec- 
tion increment.  Safety  factor  is  employed  in  the  discussion  concerning  skin  panel  damage.  Scaled 
deflection  increment  is  used  to  gauge  the  tolerance  of  the  complete  helicopter  or  aircraft  fuselage  to 
structural  damage. 

Sk in  Damage  Tolerance 

Of  the  seven  independent  variables  studied  in  the  skin  panel  analysis,  as  they  increase  in  value, 
four  serve  to  increase  damage  tolerance  and  three  tend  to  decrease  it.  As  to  be  expected  and  as  shown 
by  Figure  1,  safety  factor  increases  with  standoff  distance  from  the  explosive  detonation  point. 

Stai.dof*"  is  varied  here  over  the  range  from  2 inches  (0.0508  m)  to  40  inches  (1.016  m) . This  corre- 
sponds to  a range  in  scaled  distance  in  charge  radii  from  4 to  81.1.  Over  this  range  the  safety 
factor  increases  from  0.2  to  7.2,  a 36-fold  increase.  The  figure  also  shows  that,  for  the  conditions 
studied,  the  skin  will  fracture  if  the  explosive  detonation  point  is  within  9 inches  (0.2286  m)  of 
the  skin.  Blast  damage  tolerance  of  skin  then  can  be  increased  by  keeping  structure  as  far  away  as 
possible  from  possible  points  of  detonation.  This,  of  course,  suggests  that  structures  should  be  as 
large  as  possible  to  maximize  blast  damage  tolerance. 

Figure  2 shows  the  effect  of  panel  width  on  safety  factor.  The  panel  area  is  kept  conttant  at 
180  square  inches  (0.116  nr)  as  the  panel  width  is  varied  from  about  2 inches  (0.0508  m)  to  14  inches 
(0.3556  m).  Over  this  range  the  aspect  ratio  varies  from  IS  to  a little  over  one.  As  shown,  safety 
factor,  or  blast  damage  tolerance,  decreases  as  panel  width  increases.  Blast  damage  tolerance  is 
highest  for  long,  narrow  skin  panels  and  least  for  square  ones.  Figure  2 demonstrates  the  trend  of 
safetv  factor  with  variation  in  panel  width  and  aspect  ratio  for  a constant  area  panel.  However, 
for  the  particular  conditions  studied  it  also  shows  that  the  skin  is  only  expected  to  he  blast 
tolerant  in  widths  less  than  4 inches  (0.1016  m) , or  with  an  aspect  ratio  greater  than  11.25.  Such  a 
situation  is  generally  not  practical  nor  feasible  in  aircraft  or  helicopter  fuselage  construction. 

Aspect  ratios  typically  range  from  one  to  around  six  or  so.  Therefore,  some  other  combination  of  the 
independent  variables  would  have  to  be  found  to  provide  damage  tolerance.  In  any  case,  the  curve 
of  Figure  2 serves  to  illustrate  the  role  of  panel  width  and  aspect  ratio  in  blast  damage  tolerance: 
blast  damage  tolerance  increases  with  an  increase  in  aspect  ratio,  or  a decrease  in  panel  width,  if 
panel  area  remains  constant. 

As  to  bo  expected.  Figure  3 shows  safety  factor  to  increase  with  skin  thic.ness.  It  also  shows 
that  the  rate  of  this  increase  declines  with  thickness  increase.  Ar.  increase  in  thickness  from  0.02  inch 
(o. 508  ram)  to  0.04  inch  (1.016  ram)  yields  about  a 58  percent  increase  in  safety  factor,  where,1 > . a change 
in  thickness  from  0.04  inch  (1.016  mm)  to  0.08  inch  (2.032  mm)  yields  only  a 38  percent  safet.  factor 
increase.  These  large  increases  in  damage  tolerance  certainly  show  that  skin  thickness  is  a significant 
factor  in  damage  tolerance.  However,  it  should  he  noted  that  even  though  damage  tolerance  can  be 
increased  by  increasing  skin  thickness,  a region  of  diminishing  returns  is  reached  where  the  benefit  to 
be  gained  diminishes  in  the  thicker  skin  region. 

Figure  4 illustrates  the  effect  of  aspect  ratio  on  safety  factor  if  the  panel  width  is  kept  constant 
over  the  aspect  ratio  range  from  one  tn  twelve.  As  shown  in  this  case,  safety  factor  decreases  with 
increasing  aspect  ratio.  This  occurs  because,  with  constant  width,  panel  area  grows  as  the  aspect 
ratio  is  increased  and  this  causes  the  total  load  on  the  panel  to  increase,  which  more  than  offsets  the 
otherwise  beneficial  increase  in  aspect  ratio.  (The  benefit  to  he  gained  by  employing  aspect  ratios 
greater  than  one  were  demonstrated  in  Figure  2 for  the  constant  area  case  and  were  described  in  the 
discussion  of  the  figure.)  The  largest  decrease  in  safety  factor  occurs  over  the  range  in  aspect  ratio 
from  one  to  about  five  or  six  for  constant  panel  width.  Beyond  this  range  the  safety  factor  becomes 
relatively  constant. 

Figure  5 shows  safety  factor  variation  with  skin  ultimate  strength.  This  curve  was  constructed 
from  data  points  corresponding  to  the  properties  of  AZ31R  magnesium  alloy,  2024-T3  aluminum  alloy,  and 
7075-T6  aluminum  alloy  sheet.  As  illustrated  and  as  expected,  safety  factor  increases  with  ultimate 
strength.  However,  this  increase  levels  off  in  the  high  range  over  strengths  from  60,000  psi  (414  MPa) 
to  70,000  psi  (482  MPa).  For  example,  a strength  increase  from  40,000  psi  (276  MPa)  to  50,000  psi 
(345  MPa)  yields  a 27  percent  increase  in  safety  factor  while  a strength  increase  from  55,000  psi 
(379  MPa)  to  70,000  psi  (483  MPa)  corresponds  to  only  a 4 percent  safety  factor  increase. 

The  influence  of  rivet  spacing  on  safety  factor  for  the  conditions  studied  is  illustrated  by 
Figure  6.  Rivet  spacing  from  0.5  inch  (12.7  mm)  to  2 inches  (50.8  mm)  is  covered  by  this  figure.  As 
shown,  the  distance  between  rivets  has  much  less  influence  on  safety  factor  than  the  variables  discuss- 
ed previously.  Doubling  the  rivet  spacing  from  0.5  inch  (12.7  mm)  to  1 inch  (25.4  mm)  results  in  only 
an  8 percent  increase  in  safety  factor.  Furthermore,  over  the  range  of  rivet  spacing  considered  the 
rise  in  safety  factor  is  rather  shallow. 

The  influence  of  rivet  hole  diameter  to  skin  thickness  ratio  on  safety  factor  as  shown  by  Figure  7 
is  also  small.  In  this  case  safety  factor  is  decreased  by  an  increase  in  the  size  of  the  rivet  hole 
relative  to  skin  thickness.  Safety  factor  decreases  about  one  percent  as  the  rivet  hole  diameter  to 
skin  thickness  ratio  is  doubled  from  one  to  two. 

The  sensitivity  of  the  safety  factor  (or  damage  tolerance)  to  the  various  independent  variables 
discussed  can  he  judged  by  comparing  the  slopes  of  the  curves  over  the  various  ranges  of  interest  of 
the  independent  variables.  Actually,  a somewhat  more  objective  measure  of  sensitivity  is  given  by 
variation  in  safety  factor  with  respect  to  the  ratio  of  independent  variable  to  the  range  in  the 
independent  variable.  This  measure  is  evaluated  at  a certain  value  of  the  independent  variable.  These 
sensitivities  are  listed  in  Table  I.  The  independent  variable,  its  range,  the  specific  value  at  which 
sen . it ivi ty  is  evaluated,  and  the  various  safety  factor  sensitivities  are  listed  in  the  table.  The 
independent  variables  are  listed  in  order  according  to  their  relative  influence  on  safety  factor.  As 
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shown,  standoff  distance  from  the  skin  to  the  explosive  detonation  point  has  the  highest  influence  on 
safety  factor.  At  5.70  the  safety  factor  sensitivity  to  standoff  is  81  times  higher  than  its  sensitiv- 
ity to  rivet  hole  diameter  to  skin  thickness  ratio,  which  at  -0.07  is  the  least  influential  variable 
studied.  Also  listed  in  Table  1 are  the  safety  factor  sensitivities  relative  to  standoff  os  well  as 
sensitivities  relative  to  panel  width  at  constant  panel  area  (which  has  the  second  highest  influence  on 
safety  factor).  Panel  width  at  constant  panel  area  and  skin  thickness  exert  roughly  the  same  influence 
on  safety  factor  although  in  opposite  directions.  Safety  factor  decreases  by  0.80  with  an  increase  in 
panel  width  at  constant  panel  area,  while  an  equal  percentage  increase  in  skin  thickness  raises  the 
safety  factor  by  0.71.  Besides  standoff,  these  two  variables,  pane!  width  at  constant  panel  area  and  skin 
thickness,  exert  the  next  highest  influence  on  damage  tolerance.  As  shown,  aspect  ratio  at  constant 
panel  width  and  ultimate  strength  have  about  one-quarter  and  one-sixth,  respectively,  the  effect  on 
damage  tolerance  as  panel  width  at  constant  panel  width  and  skin  thickness.  At  one-tenth  of  both  the 
sensitivity  of  panel  width  at  constant  panel  area  and  skin  thickness,  rivet  spacing  and  rivet  hole 
diameter  to  skin  thickness  ratio  have  the  least  effect  on  damage  tolerance.  As  stated  previously,  the 
values  listed  in  Table  1 correspond  to  the  calculated  sensitivities  for  the  conditions  studied, 
evaluated  over  the  listed  range  of  values  of  the  independent  variables.  For  other  conditions  and 
values  of  the  independent  variables  outside  the  stated  ranges,  sensitivity  of  the  safety  factor  to  the 
various  variables  can  and  probably  will  differ  from  those  values  listed  in  Table  I. 

The  table  clearly  shows  those  parameters  that  have  the  highest  impact  on  damage  tolerance.  In 
those  cases  in  which  it  is  possible  to  provide  large  standoff  between  point  of  explosive  detonation  and 
the  aircraft  structure,  the  structure  will  be  inherently  damage  tolerant.  This,  of  course,  is  true  with- 
in reason  at  least  for  projectiles  with  explosive  charge  weights  up  to  certain  maximum  values  that  depend 
upon  the  combination  of  the  other  pertinent  parameters  discussed  herein.  For  those  regions  in  the  air- 
craft which  must  be  small  for  other  reasons,  damage  tolerance  can  be  obtained  by  utilizing  thick  skins. 

This,  along  with  use  of  a large  structure  to  obtain  damage  tolerance,  of  course  incurs  a weight  penalty. 
However,  to  keep  increases  at  a minimum  for  a given  sized  structure  with  lightweight  skin,  a judicious 
selection  of  panel  width  and  aspect  ratio  can  he  used  to  increase  damage  tolerance.  To  do  this,  panel 
width  must  be  minimized  and  the  aspect  ratio  should  he  maximized.  As  discussed  previously,  aspect  ratios 
around  five  to  six  provide  a good  compromise.  Since  decreasing  panel  width  is  achieved  by  increasing 
the  number  of  longerons  or  stringers,  this  means  an  added  benefit  is  obtained  --  the  load  per  longitudi- 
nal member  is  decreased  with  a consequent  decrease  in  the  probability  of  loss  in  bending  capability  if  a 
certain  number  of  longitudinals  are  lost  from  blast  damage  or  fragment  perforation. 

As  indicated  in  Table  I,  skin  ultimate  strength  plays  a relatively  small  role  in  damage  tolerance. 

This  is  partly  because  of  the  level  and  range  of  strengths  studied:  from  39,000  psi  (269  MPa)  to 

70,000  psi  (483  MPa),  These  strengths  are  already  high  since  they  are  inherently  necessary  to  sustain 
flight  loads.  Higher  strength  materials  are.  of  course,  available  although  they  were  not  considered  for 
a variety  of  reasons,  some  of  which  arc:  (1)  some  are  not  as  lightweight  as  aluminum  and  magnesium 
alloys,  and  (2)  the  use  of  some  is  not  economically  feasible  at  this  time.  If  the  skin  strength  range 
were  extended  to  include  strengths  from  say  20,000  psi  (138  MPa)  to  60,000  psi  (414  MPa),  the  senstiv- 
ity  value  would  change  from  the  present  0.124  to  around  0.7.  This  would  make  the  skin  strength  influence 
comparable  to  skin  thickness.  However,  this  is  unrealistic  since  typical  skin  materials  used  in  aircraft 
construction  have  strengths  much  higher  than  20,000  psi  (138  MPa). 

Even  though  the  effect  of  skin  ultimate  strength  on  damage  tolerance  is  quite  small  compared  to  the 
effect  of  standoff,  it  still  can  be  used  to  increase  damage  tolerance,  particularly  if  a specific  region  in 
the  aircraft  is  marginal.  As  shown  in  Table  I,  ultimate  strength  has  15  percent  the  effect  of  panel 
width  at  constant  panel  area.  So  at  least  some  benefit  can  be  gained  by  changing  a skin  that  may  be 
marginal  to  a new  skin  material  with  higher  ultimate  strength.  In  this  modification  fracture  strain  must 
not  be  overlooked.  The  fracture  strain  of  the  higher  strength  material  should  be  about  the  same  as  c-  higher 
than  (if  possible)  that  of  the  skin  material  that  is  to  be  replaced.  If  the  fracture  strain  of  the  new 
higher  strength  material  is  lower  than  th3t  of  the  replaced  skin  material,  the  potential  benefit  of  the 
higher  ultimate  strength  may  not  be  realized. 

As  in  the  case  of  skin  ultimate  strength  just  discussed,  the  potential  benefit  to  damage  tolerance 
obtained  from  variation  in  rivet  spacing  or  rivet  hole  diameter  to  skin  thickness  ratio  is  not  very 
promising  at  about  10  percent  of  the  effect  of  panel  width  at  a constant  panel  area.  However,  as  with 
skin  ultimate  strength,  a change  in  rivet  spacing  or  rivet  hole  diameter  to  skin  thickness  ratio,  or 
preferably  a change  in  both,  could  be  employed  to  correct  a marginal  skin  situation.  As  indicated  in 
Table  I,  to  increase  damage  tolerance,  rivet  spacing  should  be  increased  and  the  rivet  hole  diameter 
co  skin  thickness  ratio  should  be  decreased. 

Tail  Boom  Damage  Tolerance 

The  test  data  listed  in  Table  II  for  two  separate  bays  of  the  type  A tail  booms  are  shown  plotted 
in  Figures  8 and  9.  The  abscissa  in  these  figures  is  skin  loss  from  blast  divided  by  the  total  area  of 
skin  in  all  bays  damaged  by  the  explosion.  The  ordinate  in  these  figures  represents  the  added  deflection 
at  the  endpoint  of  the  tail  boom  caused  by  the  blast-induced  skin  loss.  As  described  previously,  the  tail 
booms  were  damaged  by  either  a statically  detonated  hare  charge  explosive  or  a small-c3liber,  high- 
explosive  projectile  fired  into  the  tail  boom  while  the  boom  was  statically  loaded  to  simulate  the  maximum 
flight  load  condition.  Figure  8 concerns  damage  inflicted  on  bays  4 and  5 located  near  the  middle  of  the 
tail  boom.  Figure  9 concerns  damage  inflicted  on  bays  7 and  8.  These  bays  are  located  near  the  tail  end 
of  the  boom.  If  the  tail  boom  is  treated  as  having  a circular  cross  section,  the  ratio  of  moments  of 
inertia  about  a diameter  for  hays  4-5  and  7-8  is  about  1.8. 

As  described  previously,  each  tail  boom  was  loaded  by  the  simulated  flight  load.  Under  this  load  the 
boom  deflected  a certain  amount.  Then  the  boom  was  damaged  by  either  the  high-explosive  projectile  or  a 
bare  charge.  Because  of  the  damage  incurred,  which  consisted  of  blown-away  skin,  cut  longitudinals,  bent 
frames,  etc.,  the  tail  boom  suffered  additional  deflection.  This  additional  deflection  divided  by  the 
overall  boom  length  Is  defined  here  as  "scaled  deflection  increment"  and  is  the  ordinate  in  Figures  8 and 
9.  Boom  strain  is  directly  proportional  to  this  scaled  deflection  increment. 


6-8 


Both  figure*  8 and  9 show  that  damage- Induced  deflection  increases  with  an  increase  in  skin  loss  and 
that  for  the  conditions  investigated,  deflection  caused  by  skin  damage  is  approximately  linearly  related 
to  the  amount  of  skin  lost.  The  intent  here  of  presenting  the  data  shown  in  these  figures  is  purely  to 
indicate  trends  and  is  not  meant  to  be  definitive.  The  vertical  line  labeled  "failure"  in  both  figures 
corresponds  to  the  relative  amount  of  skin  removed  by  the  hare  charge  or  projectile  in  those  tests  in 
which  tKe  boom  failed  under  the  applied  flight  load.  The  skin  loss  associated  with  these  failures  does 
not  necessarily  represent  the  minimum  amount  of  skin  that  has  to  he  removed  to  cause  the  boom  to  fail. 

This  value  should  be  fairly  well  represented  by  the  failure  line  of  Figure  8 since  the  nearest  data 
point,  at  skin  loss/total  skin  area  equal  to  about  0.3,  is  fairly  close  to  the  failure  line  where  skin 
loss/total  skin  area  equals  0.35.  However,  the  modified  structure  failure  line  of  Figure  9 at  skin  loss/ 
total  skin  area  « 0.34  is  far  removed  from  the  next  nearest  data  point  at  skin  loss/total  skin  area 
equal  to  about  0.1. 

The  slope  of  the  data  line  in  Figure  8 corresponding  to  damage  in  hays  4 and  5 is  0.022  while  the 
slope  of  the  modified  boom  data  line  in  Figure  9 corresponding  to  damage  in  bays  7 and  8 is  0.032, 
indicating  that  the  damaged  structure  of  bays  4 and  5 is  1.45  times  stiffer  than  that  of  bays  7 and  8. 

This  is  understandable,  particularly  since  the  moment  of  inertia  in  the  undamaged  state  of  bays  4 and  S 
is  approximately  1.8  times  the  moment  of  inertia  of  hays  7 and  8 in  their  undamaged  condition;  that  is, 
the  bulk  of  the  structure  in  bays  4 and  5 is  located  farther  from  the  boom  cross  section  neutral  axis 
that  that  of  bays  7 and  S.  This  basic  foundation  of  beam  theory,  that  structural  stiffness  increases 
as  section  si:e  increases,  parallels  the  previously  discussed  obvious  relationship  between  standoff  and 
damage  tolerance  that  damage  tolerance  increases  as  the  distance  between  detonation  point  of  the 
explosive  and  the  skin  of  the  aircraft  increases.  This  fact  that  damage  tolerance  increases  with  an  in- 
crease in  section  site  and  structural  stiffness  was  predictable  before  testing. 

Figure  9 illustrates  the  result  of  longitudinally  stiffening  the  tail  boom.  In  this  case  two 
longerons  and  two  lightweight  stiffeners  were  added  to  the  predominately  tension  side  of  the  tail  boom. 
These  longerons  and  stiffeners  were  identical  to  those  used  in  the  original,  unmodified  tail  boom. 

The  resultant  slope  of  the  modified  structure  deflection  - skin  loss  line  is  0.018.  This  represents  a 
44  percent  increase  in  stiffness  over  the  original,  unmodified  tail  boom  structure.  Also,  as  indicated 
on  the  figure,  at  a skin  loss  to  total  skin  area  ratio  equal  to  0.34,  the  unmodified  tail  boom  failed. 
(This  value  may  actually  he  high  since  tests  were  not  performed  at  skin  loss/total  skin  area  values 
between  about  0.1  and  this  0.34  figure.)  However,  the  modified  tail  boom  was  able  to  carry  the  maximum 
flight  load  while  sustaining  skin  loss/total  skin  area  equal  to  0.35  --  essentially  the  same  value  at 
which  the  unmodified  tail  boom  failed.  So,  the  additionally  stiffened  tail  boom,  whith  35  percent  of 
the  skin  in  two  adjacent  bays  lost  due  to  blast  damage,  was  able  to  sustain  its  load  while  an  unmodified 
tail  boon  with  the  same  damage  failed.  Furthermore,  the  stiffeners  added  44  percent  to  the  rigidity 
of  the  tail  boom. 

As  descrihed  in  the  test  description  section,  the  effect  of  added  stiffening  on  damage  tolerance  was 
also  evaluated  on  the  type  B tail  booms.  Longerons  and  stringers  identical  to  those  used  to  modify  the 
type  A tail  booms  were  employed  on  the  type  B hooms.  Two  longerons  and  two  stringers  each  were  added 
to  both  sides  of  the  type  B booms  whereas  they  were  added  to  only  one  side  of  the  type  A booms.  Three 
of  the  tyue  B tail  booms  were  tested.  One  was  used  as  a control  and  was  tested  in  its  original  unmodified 
condition.  The  other  two  hooms  were  tested  as  modified.  As  indicated  by  Table  II,  a single  shot  into 
the  unmodified  tail  boom  caused  it  to  fail,  and  this  occurred  with  only  63  percent  of  maximum  flight  load 
applied  to  the  tail  boom.  However,  the  modified  tail  hooms,  hit  at  the  same  point  by  the  same  type  of 
projectile  under  the  same  firing  conditions,  were  able  to  sustain  the  full,  maximum  flight  load. 
Furthermore,  as  shown  in  Table  II,  a total  of  three  projectiles  each  were  fired  into  both  of  the  modified 
tail  booms  --  both  of  which  sustained  the  full,  maximum  flight  load.  Therefore,  it  may  be  seen  that  the 
added  stiffening  allowed  the  type  H tail  booms  to  carry  their  maximum  flight  load  while  sustaining 
multiple  hits  in  adjacent  bays,  whereas  the  unmodified  tail  boom  failed  at  only  6.3  percent  of  its  maximum 
flight  load  from  the  action  of  a single  projectile. 


CONCLUSIONS 


Both  the  skin  and  the  skin  stiffening  system  of  a semimonocoque  aircraft  arc  important  in  the  damage 
tolerance  of  the  structure.  For  a given  size  structure,  a judicious  selection  of  skin  panel  width  and 
' aspect  ratio  can  be  used  to  increase  damge  tolerance.  To  do  this,  panel  width  must  be  minmized  and 
aspect  ratio  should  be  maximized.  For  the  conditions  studied,  aspect  ratios  around  five  or  six  provide 
a good  compromise.  Damage  tolerance  of  the  helicopter  tail  hooms  investigated  in  this  study  have  been 
found  to  be  proportional  to  the  section  modulus  of  the  undamaged  section  and  inversely  proportional  to 
the  amount  of  skin  removed  from  the  structure  by  the  damaging  agent. 


For  the  conditions  studied,  damage  tolerance  of  the  aircraft  skin  is  influenced  by  the  following 
parameters  which  are  listed  in  decreasing  order  of  their  effect  on  damage  tolerance.  The  relative 
values  of  the  skin  damage  tolerance  sensitivity  to  these  parameters  are  also  listed: 


5tandoff  distance  1.00 
Panel  width  at  constant  area  -0.140 
Skin  thickness  0.125 
Aspect  ratio  at  constant  panel  width  -0.035 
Skin  ultimate  strength  0.021 
Rivet  spacing  0.014 
Rivet  hole  diametor/skin  thickness  -0.012 


It  has  also  been  found  that  an  increase  in  longitudinal  stiffening,  achieved  in  this  particular 
study  by  addition  of  longerons  and  stringers,  can  provide  an  increase  in  structural  damage  tolerance 
of  at  least  44  percent.  Furthermore,  it  has  been  demonstrated  that  the  simple  addition  of  a few 
lightweight  longitudinal  stiffening  members  can  mean  the  difference  between  catastrophic  failure  of 
an  aircraft  from  the  damage  caused  by  a single  high-explosive  projectile  and  an  aircraft  that  can 
continue  to  carry  its  maximum  flight  load  with  multiple  hits  in  the  same  critical  area  by  the  sar.e 
project! le. 
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TABLE  I.  SUN  PANEL  DAMAGE  TOLERANCE  SENSITIVITY 
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TARI.E  II.  TAIL  BOOM  TEST  DATA 
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Figure  1.  Effect  of  Stondoff  on  Safety  Factor. 
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Figure  2.  Effect  of  Panel  Width  on  Safety  Factor  for 
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Figure  3.  Safety  Foctor  Variation  With 
Skin  Thickness. 
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Figure  6.  Effect  of  Rivet  Spacing  on  Safety 
Foctor. 


Figure  7.  Safety  Foctor  Variation  With  Rivet  Hole 
Diameter  to  Skin  Thickness  Ratio. 
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SUMMARY 

For  the  aircraft  designer  to  be  able  to  take  proper  precautions  against 
the  potentially  damaging  effects  of  non-contalned  engine  failures,  he  needs 
to  know  the  likely  sire,  weight,  energy  and  direction  of  attack  of  debris 
that  might  be  released  by  the  engines.  From  an  analysis  of  a large  sample 
of  past  non-contalned  engine  failures  In  commercial  service  the  above 
parameters  have  been  established  for  any  given  engine. 

Protection  of  sensitive  parts  of  an  aircraft  beyond  that  Implicit  In 
the  alrcraf t /engine  layout  could  be  provided  by  recently  developed  deflector 
systems  capable  of  deflecting  high  energy  fragments  In  a harmless  direction. 

Continuing  work  on  the  basic  causes  of  non-contalned  engine  failure  has 
led  to  changes  In  engine  design  to  make  these  failures  less  likely.  Beyond 
this.  Improved  containment  characteristics  of  casings  arc  under  development, 
notably  In  the  control  of  the  way  In  which  debris  Is  released. 


INTRODUCTION 

The  purpose  of  this  paper  Is  to  provide  a basis  for  minimising  the  hazard  of  non-contalned  engine 
failure.  The  objectives  are;- 

1.  To  define  the  debris  that  might  be  released  by  a given  engine  In  the  event  of  non-contalned  failure. 
In  terms  of  the  weight,  direction  of  release,  energy  and  size  of  fragments. 

2.  To  examine  ways  of  reducing  the  potential  effect  of  such  debris  upon  the  aircraft. 

3.  To  explore  the  practicability  of  making  non-contalned  engine  failure  less  likely. 

Non-contalned  engine  failures  Ho  not  occur  very  often,  the  average  rate  In  commercial  service  has 
been  less  than  one  per  million  engine  hours  world-wide  In  recent  years.  Further,  the  probability  of  this 
oncc-per-mll 1 lon-hour  event  causing  an  aircraft  accident,  defined  as  penetration  of  fuselage  or  damage  to 
wings  or  vital  services,  has  proved  to  be  about  1 chance  in  8.5.  In  other  words,  aircraft  accidents  due 
to  non-contalned  engine  failure  have  occurred,  on  average,  less  than  once  per  8.5  million  engine  hours. 

The  statistics  shown  In  Flg.l  put  it  another  way  and  show  that  97. 2%  of  all  aircraft  accidents  and  99.9% 
of  all  fatalities  have  been  the  result  of  events  other  than  non-contalned  engine  failure. 


Flg.l.  Analysis  of  Aircraft  Accidents  A Fatalities  - 1959  to  1979 

Nevertheless,  to  reduce  the  accident  rate  we  must  work  to  eliminate  all  known  causes  of  accidents, 
and  non-containment  Is  one  of  them.  Recent  research  work  has  indicated  some  possible  ways  of  Improving 
the  situation  without  the  need  for  large  Increases  In  weight  and  ultimately  a balance  must  be  struck 
between  weight  Increase  and  the  effect  upon  an  already  low  probability  of  hazard. 


To  provide*  a definition  of  the  kind  oi  debris  likely  to  be  generated  by  non-containcd  failure  in  a 
given  engine,  we  have  examined  Lhe  results  of  non-containment  in  our  commercial  engines  over  the  years  and 
recorded  the  weights  of  fragments,  their  direction  oi  release,  their  energy  and  their  size,  wherever  the 
information  is  known.  The  statistics  cover  a wide  range  of  engine  sizes  and  types,  including  prop-jet, 
pure-jet,  by-pass  and  fan  engines,  in  single- shaf t , two-shaft  and  three-shaft  configurations.  The 
experience  covers  over  124  mil  lion  hours  of  engine  operation  in  service. 


WEIGHT  OF  FRAGMENT 

Fig. 2 shows  the  weight  of  the  largest  fragment  released  in  each  incident  as  a percentage  of  the  bladed 
disc  weight.  The  fragments  vary  from  part  of  a blade  to  a complete  disc.  The  incidents  categorised  as 
aircraft  accidents  are  indicated,  showing  that  complete  discs  are  less  likely  to  cause  a problem  than  disc 
fragments,  but  fragments  of  any  size  are  capable  of  causing  unacceptable  damage  if  they  hit  certain  parts 
of  the  aircraft.  Compressor  and  turbine  non- containment  are  indicated  on  the  plot  and  it  shows  that  only 
turbine  discs  have  been  released  complete,  probably  because  a turbine  disc  has  easier  access  to  freedom 
than  a compressor  disc. 


Fig. 2.  Non-Containcd  Failures  1954  To  1974  Inclusive 

Fig. 3 gives  the  percentage  of  incidents  in  which  the  weight  of  the  largest  fragment  released  was  a 
given  percentage  of  the  bladed  disc  weight  or  less.  It  is  a way  of  showing  the  reduction  in  the  number 
of  r.on-contained  failures  that  would  be  achieved  by  providing  an  ability  to  contain  an  Increasing  weight 
of  fragment.  For  example,  the  ability  to  contain  a fragment  weighing  5%  of  the  bladed  disc  weight  would 
have  prevented  56%  of  all  non-containments.  If  the  former  figure  were  10%  we  would  have  prevented  72% 
of  the  non-containments.  Thereafter  the  gains  arc  less  spectacular. 


Fig. 3.  Number  of  Incidents  V Fragment  Weight 

When  a fragment  strikes  the  inside  of  an  engine  casing  and  it  is  not  contained,  it  is  sometimes 
deflected  on  its  way  through  the  casing.  Fig. 4 illustrates  the  effect  of  such  deflection  upon  the 
subsequent  path  of  a fragment.  Since  the  point  of  penetration  of  the  casing  is  at  a random  circumfer- 
ential position,  the  probability  of  an  aircraft  item  in  line  with  a disc  being  struck  by  a fragment  is 
unaffected  by  deflection  of  the  fragment  by  the  casing.  But  the  axial  deflection  of  the  fragment  is 
important  in  that  It  affects  the  axial  length  of  the  possible  impact  area  on  the  aircraft. 
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A study  of  the  axial  deflection  of  debris  In  actual  Incidents  produced  the  result  shown  In  Fig. 5 
where  axial  deflection  Is  plotted  against  weight  of  fragment.  It  shows  that  only  the  lighter  fragments 
were  appreciably  deflected,  the  maximum  deflection  being  +33°  whereas  the  heavy  fragments  were  not 
deflected  more  than  +5  . Thus,  the  situation  may  be  as  shown  on  Fig. 6 where  a pack  of  discs  creates 
over-lapping  fields  of  possible  debris  distribution  so  that  any  protection  or  special  measures  taken  by 
the  aircraft  designer  will  require  sensibly  uniform  application  over  a length  slightly  greater  than  the 
length  of  the  rotor  pack,  tailing  off  to  zero  beyond  each  end  of  the  rotor  as  shown  in  the  Figure. 


Fig. 5. 


Debris  Spread  V Weight  of  Fragment 


Fig. 6.  Direction  & Energy  of  Emerging  Debris 
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ENERGY  OF  FRACMENT  j 

I 

A fragment  has  two  kinds  of  energy  when  it  leaves  an  engine,  sec  Fig-7.  It  has  kinetic  energy  along 

its  flight  path  which  is  tangential  to  the  radius  described  by  its  c of  g when  it  was  part  of  the  disc, 
and  it  has  rotational  energy  about  its  own  c of  g.  Experience  shows  that  for  practical  purposes  it  is  I 

the  former,  i.e.  its  translational  energy,  that  causes  the  real  damage  on  impact  and  this  is  because  the  j 

translational  energy  is  in  the  direction  of  the  impact  and, for  realistic  fragments,  it  is  invariably  much 
greater  than  the  rotational  energy.  ! 

Fig. 7 also  shows  a plot  of  disc  sector  sire  against  its  translational  energy.  The  fragment  with 
maximum  translational  energy  is  a disc  segment  subtending  an  angle  of  133.6  . An  unbroken  disc  has  no 
translational  energy  unless  it  picks  some  up  as  a result  of  friction  developed  in  rubbing  against  static 
parts  which  may  throw  it  sideways  out  of  an  engine  with  a relatively  low  velocity. 


Fig. 7.  Definition  of  Fragment  with  Maximum  Energy 

The  energy  with  which  a fragment  leaves  an  engine  is  less  than  its  initial  energy  because  it  expends 
some  energy  in  penetrating  the  engine  casing.  In  calculating  the  energy  of  an  emerging  fragment  a 

proportion  of  the  amount  of  energy  the  engine  casing  is  capable  of  containing  should  be  subtracted  from 
the  initial  energy  of  the  fragment. 

To  determine  the  blade  containment  ability  of  a casing  we  plot  blade  energy  against  a function  of 
blade  dimensions  and  casing  properties  for  all  known  cases  of  blade  release  including  experimental  tests 
and  service  experience.  The  result  is  shown  in  Fig. 8 where  contained  and  non-contalned  failures  are 
identified. 


Fig. 8.  Blade  Containment  Criterion 

The  dividing  line  between  containment  and  non-containment  becomes  apparent  and  although,  in  the 
nature  of  things,  there  are  occasional  results  out  of  line  with  the  overall  trend,  the  method  provides  a 
guide  to  the  thickness  of  casing,  in  a given  material,  required  to  contain  a blade  of  given  energy.  It 
also  provides  a measure  of  the  energy  a given  casing  is  capable  of  destroying  in  the  blade  release  case. 

Unfortunately  the  behaviour  of  a casing  is  not  quite  as  straightforward  as  to  destroy  an  equal  amount 
of  energy  regardless  of  the  initial  energy  of  the  fragment.  In  containment  tests  a fragment  with  an 
energy  level  just  beyord  the  containment  capabilities  of  a casing  lost  90X  of  its  energy  in  passing  through 
the  casing.  But  when  a portion  of  a rotor,  comprising  four  blades  and  a piece  of  disc,  was  released  from 
a rotor  rotating  inside  a casing  designed  to  contain  a single  released  blade,  the  fragment  passed  through 
the  casing  with  a near-zero  loss  of  energy.  That  some  energy  was  lost  was  shown  by  damage  and  distortion  to 
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the  casing  ar.d  to  the  blades  In  the  fragment  but  the  loss  was  too  small  to  be  measured  In  terms  of 
fragment  velocity  before  and  after  penetration.  Evidently,  the  casing  did  not  develop  Its  full  contain- 
ment  potential  when  subjected  to  loadings  far  beyond  Its  capabilities. 

Further  containment  tests  are  In  progress  to  build  up  more  data  on  this  problem  and  to  establish  a 
formula  fur  the  amount  of  energy  destroyed  In  a range  of  fragments  when  they  pass  through  a casing  of 
known  blade  containment  ability.  Meanwhile,  until  we  have  more  data  It  seems  reasonable  to  assume  that 
the  loss  of  energy  varies  from  100Z  for  a single  blade,  to  zero  for  the  4-blade  fragment  tested,  or  any 
larger  fragment.  The  4-bladc  fragment  weighed  6.571  of  the  weight  of  the  bladed  disc. 

There  Is  an  additional  loss  of  energy  in  fragments  that  are  deflected  on  passing  through  the  casing. 
The  amount  of  this  loss  depends  upon  the  degree  of  deflection,  and  from  theoretical  considerations  and 
practical  observations  the  relationship  between  deflection  and  residual  energy  Is  as  shown  In  Fig. 9. 


Fig. 9.  Energy  after  Deflection  v Angle  of  Deflection 

This  relationship  can  be  used  In  calculating  the  possible  energy  of  deflected  fragments  In  the 
forward  and  rearward  fields  covered  by  the  possible  axial  spread  of  debris. 


SIZE  OF  FRAGMENT 

The  maximum  dimensions  of  a fragment  thrown  by  an  engine  Is  Important  In  terms  of  the  probability  of 
striking  a given  vulnerable  Item  of  the  aircraft.  Fig. 10  shows  that  for  a given  aircraft  layout  the 

larger  the  fragment  the  more  likely  It  is  to  strike  a given  object.  The  chances  of  the  small  fragment 

striking  the  object  are  ©l  In  360°,  but  for  the  large  fragment  they  are  63  In  360°  and  clearly  the 

larger  the  fragment  the  greater  the  probability  of  a strike. 


Fig. 10.  Fragment  Size  Effect  Upon  Probability  of  Strike 
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Fig. 11  shows  actual  non>contalned  failures  In  terms  of  ths  arc  of  disc  releaaed  against  percentage 
of  Incidents.  These  results  can  be  used  for  calculating  the  probability  of  Impact  of  fragments  of 
various  sizes  upon  aircraft  vulnerable  Items  for  various  alrcraf t/englne  arrangements.  Hie  results  for 
turbines  and  compressors  are  shown  separately  to  Illustrate  that  compressors  have  tended  to  release  larger 
arcs  of  disc  rim  than  turbines.  This  Is  due  to  factors  such  as  disc  proportions. 
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Fig. 11.  Size  of  Fragment 


AIRCRAFT  TREATMENT 

Having  defined  the  possible  debris  from  engine  failure  the  problem  of  dealing  with  It  falls  to  the 
designers  of  aircraft  and  engines.  The  aircraft  designers  can  minimise  Its  probable  effects  by  careful 
planning  of  engine  rotor  positions  relative  to  vulnerable  aircraft  Items.  He  can  make  use  of  duplicated 
and  triplicated  runs  of  vital  aircraft  services  to  reduce  the  probability  of  a hazard  to  the  aircraft  In 
the  event  of  damage  In  any  particular  region.  He  can  avoid,  for  example,  siting  the  distribution  unit  of 

a multiple  system  In  line  with  an  engine  rotor.  Where  there  Is  no  other  possible  course  he  can  rely  upon 
the  statistical  Improbability  of  the  coincidence  of  adverse  events.  The  safety  record  of  existing 
aircraft,  designed  long  before  the  Information  .low  available  to  us  had  been  generated,  provides  a high 
level  of  confidence  In  the  safety  of  new  aircraft  designed  with  this  wider  knowledge  of  -.l.e  hazards  to  be 
avoided.  Finally,  It  Is  possible  to  provide  protection  for  vital  regions  of  an  aircraft  If  the  pressures 
of  meeting  other  essential  requirements  of  an  aircraft  design  do  not  permit  the  required  safety  standards 
to  be  achieved  by  manipulating  the  alrcraf t/cnglne  layout. 

Tests  have  been  carried  out  in  the  U.K.  both  on  armour  plating  and  upon  devices  capable  of  protecting 
vital  regions  by  deflecting  approaching  debris  In  a harmless  direction.  Lightweight  angled  deflector 
plates  mounted  on  collapsible  mountings  have  been  shown  to  be  capable  of  deflecting  fragments  of  any  given 
energy  In  a consistent  manner  without  subjecting  the  mounting  structure  to  the  Intolerable  shock  loads 
associated  with  the  devices  capable  of  absorbing  the  whole  energy  of  high  energy  fragment. 

Fig. 12  shows  the  concept  of  the  deflector  system. 


Fig. 12.  Debris  Deflector 
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ENGINE  TKEAIHENT 

It  he;,  been  suggested  from  time  to  time  that  the  hazard  oi  non-co ntainraent  could  be  completely 
eliminated  if  the  engine  could  be  designed  to  contain  all  rotor  failures  Including  segmental  disc 
failure  through  the  bore.  Studies  ot  this  solution,  based  upon  limited  rig  test  results,  indicate  that 
In  the  case  ot  a large  transport  engine,  the  weight  increase  tor  complete  containment  would  be  o t the 
order  of  50X  of  the  basic  Engine  Weight.  Further,  11  the  moat  affective  use  were  to  be  made  oi  the  extra 
weight,  the  casings  would  have  to  be  a single  thickness  and  the  thermal  lag  ot  casings  of  such  thickness 
would  impose  severe  restrictions  on  engine  handling  (throttle  movement)  and  we  would  have  an  engine  oi 
weight  and  handlability  suitable  for  a power  station  but  not  tor  an  alrcrait. 

snsbtfau  the  approach  has  been  to  examine  the  reasons  tor  all  past  non-con  tallied  failures  on  develop- 
ment ami  in  service  and  to  work  towards  eliminating  the  causes  by  careful  design  and  dove loproent . The 
causes  can  be  put  Into  the  tallowing  categories  - 

1.  Disc  failure  due  to  primary  or  secondary  fatigue  l.e.  due  to  fatigue  Imposed  by  normal  engine 

operation  or  due  to  iatigue  under  abnormal  conditions  arising  from  engine  malfunction. 

2.  Disc  failure  due  to  overheating  as  a secondary  effect  oi  a malfunction  Ruch  as  loss  or  cooling 

air  or  an  internal  engine  lire. 

1.  Disc  tailur«>  as  a result  ot  loss  ol  relative  axial  location  between  rotating  and  adjacent  static 
parts  leading  to  a rub  on  a sensitive  part  of  a disc. 

4,  A t allure  precipitating  the  shelling-out  ot  a complete  row  ot  blades  from  tha  disc. 

5.  Shaft  failure  leading  to  turbine  overfpeed  to  burst  or  blade  release. 

b*  Multiple  blade  failure  due  to  ingestion  oi  exceptionally  large  bird  or  other  foreign  object. 

7.  Detachment  ot  complete  disc. 

H.  Disc  failure  due  to  material  delects. 

Wl*  do  not  propose  to  deal  with  all  these  items  in  detail  in  this  paper  but  the  general  approach  to 
each  item  can  be  stated. 

Primary  fatigue  failure  from  the  bore  ot  o disc  has  been  avoided  in  tha  past  by  establishing  safe 
low  cycle  fatigue  (LCF)  lives  on  the  basis  ot  extensiv*  cyclic  rig  tasting  oi  engine  discs.  Including 
sample  discs  taken  t rum  service  engines  attar  given  exposure  to  service  operation,  cycled  on  to  lallura. 

A typical  result  is  sltwwn  in  Fig.  13  where  the  disc  i ailed  from  an  origin  in  the  hub.  This  form  of  failure 
is  avulded  in  service  by  limiting  the  number  ot  stress  cycles  accumulated  by  any  disc  in  arrvlce  to 
substantially  less  than  the  number  established  by  the  rig  tests  to  be  within  the  capabilities  oi  the  disc 
under  service  conditions.  These  measures  have  rendered  LCF  failure  a very  rare  occurrence  but  discs  have 
found  other  ways  of  tailing  In  iatigue. 


IM  I MM 


Fig. 13.  Cyclic  Spinning  Fatigue  Test  to  Failure 

Examples  of  disc  fatigue  failure  In  service  are  shown  in  Fig. 14.  Item  1 shows  a rare  case  oi  failure 
through  the  bore  from  a crack  in  the  rim  of  a turbine  disc.  Item  2 shows  a turbine  disc  rim  crack 

initiated  by  blade  excited  high  cycLc  iatigue  (HCF)  and  progressing  In  a circumferential  direction  to 

release  a piece  of  disc.  Items  3 and  4 similarly  show  compressor  disc  failures  which  have  released 

pieces  of  disc  rim  wh^re  the  crack  has  not  run  into  the  bore  of  the  disc*  The  important  point  about 

these  failures  is  that  In  some  designs  of  disc,  a crack  propagating  from  tha  rim  fallows  a line  that 

releasee  only  a small  piece  of  disc  rim  whereas  in  other  designs  the  crack  will  take  ^ different  course 
and  release  a large  fragment.  Clearly,  by  studying  the  mode  of  failure  and  relating  it  to  the  direction 
of  crack  propagation  In  the  disc  we  can  establish  the  features  *f  design  and  enviroimnC  that  determine 
the  size  of  fragment  released  end  we  can  move  towards  designing  discs  disposed  to  release  small  rather 
than  large  fragments. 
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Fit,.  14.  Typical  Service  Disc  Failures 

Disc  iii  lures  due  to  overheating  through  lack  oi  cooling  air  have  been  due  to  straightiorward 
mechanical  [allures  oi  air  duets  or  air  seals  and  expur lance  has  shown  !.'*•-»  kucli  [allures  can  be  avoided 
ur  the  ettect  oi  their  [allure  can  be  reduced.  Oil  fires  have  caused  dlf»c  i allures  too,  but  we  have 
learned  how  to  inhibit  the  engine  against  internal  [Ire  by  avoiding  the  possibility  of  conditions  in  the 
engine  that  wLll  permit  the  ignition  or  continued  burning  of  oil  vapour. 

In  the  case  oi  disc  overheating  due  to  rubs,  it  the  loss  ol  axial  location  ol  a rotating  assembly, 
due  to  bearing  or  shait  failure,  permits  rubs  to  occur  between  rotating  and  htatlc  member x,  the  rub  can 
be  arranged  to  occur  in  a relatively  harmless  position  on  Hi.  disc.  It  is  known  ihaL  a rub  on  a 
sensitive  part  like  the  disc  diaphragm  can  cause  overheating  leading  to  disc  [allure  due  to  loss  ot 
creep  properties.  See  Fig. IS. 


Fig.  15.  Control  ol  Hubs 


AEROFOIL  ft  SHANK 
GIVE  WAY  RcFORI 
FWTRII  TlfTH 


AEROFOIL  FAILURE 
Rf LEASING  MINIMUM 
WEIGHT  OF  ilADE 


It  has  been  known  tor  complete  rows 
ol  blades  to  shell  out  ol  a disc, 
complete  with  roots,  to  precipitate 
a non-cun ta ined  failure.  To  avoid 
this,  blades  and  their  lixings  can 
be  designed  to  allow  the  blade  to 
break  oil  in  the  aerofoil  or  In  the 
shank  without  tailing  the  lixing 
it  sell,  see  Fig. lb.  WlLh  such  a 
design,  louling  ot  the  blades  which 
might  otherwise  cause  wrenching  oi 
the  blades  out  of  the  disc,  will 
instead  either  bend  the  blades  over 
or  break  them  in  the  aerotofl, 
releasing  fragments  more  likely  to 
be  coni  lined  by  the  casings. 


! 
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Fig. lb.  Prevention  of  Shelling-Out  oi  Blades 
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In  the  case  o!  shaft  failure  a study  of  all  causes  of  failure  carried  out  some  years  ago  Identified 
a variety  of  different  failure  mechanisms.  The  causes  were  largely  eliminated  In  later  engines  but  the 
assumption  should  be  made  that  despite  all  precaution;*,  rare  cases  of  shaft  failure  may  conceivably  occur, 
components  are  continually  finding  new  ways  of  falling,  and  appropriate  precautions  should  be  taken,  such 
as  providing  sufficient  braking  In  the  inevitable  rubs  between  rotating  and  static  components  Lo  prevent 
unacceptable  overspeeding  of  the  turbine  In  the  event  of  a shaft  failure  with  loss  of  turbine  axial 
location. 

With  regard  to  the  problem  of  bird  or  other  Ingestion,  an  engine  would  have  to  be  impossibly  rugged 
to  tolerate  every  possible  bird  strike.  Engines  are  designed  to  ensure  that  failure  from  this  cause  lr 
acceptably  rare..  The  ability  of  engines  to  ingest  birds  without  serious  effect  has  been  greatly  improved 
over  the  years  by  the  more  extensive  use  of  stronger  blade  materials,  stronger  shafts  and  shaft  joints,  by 
increases  In  clearances  between  rotor  and  stator  blades  to  avoid  fouling,  and  by  the  Introduction  of 
stronger  stator  fixings.  But  there  are  bound  to  be  occasions  when  exceptionally  heavy  Ingestion  will 
cause  multiple  blade  failure  and  possible  non-containment . 

Disc  detachment  has  been  overcome  principally  by  the  steps  taken  to  eliminate  shaft  failure.  But  in 
a case  of  a disc  breaking  up  it  may  cause  sufficient  damage  to  the  shaft  and  surrounding  structure  to  lead 
to  the  release  of  an  adjacent  disc  and  here  we  must  rely  upon  reducing  the  Likelihood  of  failure  of  the 
first  disc.  Some  discs  on  early  engines  were  lost  due  to  failure  of  their  retaining  bolts  or  flanges  and 
these  Incidents  are  included  in  the  non-containrrien  t statistics  but  more  stringent  criteria  on  bolt  and 
flange  design  have  been  applied. for  a number  of  years  with  satisfactory  results. 

Our  safeguard  against  disc  failure  due  to  defects  in  the  material  is  a high  standard  of  quality 
control  of  manufacturing  and  Inspection.  Having  established  manufacturing  procedures  giving  reliable 
and  consistent  material  properties  throughout  the  disc,  and  having  established  the  cyclic  life  of  the 
disc  by  rig  and  engine  cyclic  spinning  tests  at  extreme  conditions,  no  change  in  manufacturing  procedure 
should  be  permitted  without  a repeat  of  a comprehensive  test  programme.  Further,  techniques  for  the 
external  and  internal  inspection  of  discs  for  material  flaws  must  always  be  the  best  available  and  we  are 
continually  endeavouring  to  improve  the  inspection  standard. 


IMPROVED  CONTAIN’MENT 

Having  taken  all  reasonable  steps  to  prevent  disc  failure  and  having  designed  tlie  discs  so  that  in 
the  event  of  failure  the  size  of  fragment  likely  to  be  released  is  as  small  as  possible  the  question 
arises  as  to  how  much  farther  the  engine  man  should  go.  He  could  improve  on  the  containment  capability 
of  engine  casings  by  making  them  heavier  but  this  would  require  an  international  ruling  because  no  engine 
manufacturer  is  going  to  put  himself  in  an  uncompetitive  position  on  weight  relative  to  other  engine 
manufacturers. 

At  first  sight  any  Improvement  in  containment  capability  would  require  a general  thickening  of  the 
casing  in  the  plane  of  the  disc  and  any  worthwhile  improvement  would  involve  a considerable  weight  penalty. 
But  the  layout  of  many  aircraft  Is  such  that  the  escape  of  a high  energy  fragment  from  the  engine  could 
only  affect  the  aircraft  if  It  emerged  from  a particular  small  arc  of  engine  casing,  see  Fig. 17.  Thus, 
an  Improvement  in  the  containment  ability  of  this  art  of  casing  alone  would  provide  the  same  benefit  to 
the  aircraft  as  improving  to  the  same  degree  the  containment  over  the  complete  circumference  of  the  casing. 


Fig. 17.  Control  of  Direction  of  Release 

Containment  rig  tests  have  been  carried  out  on  locally  thickened  casings  and  it  has  been  shown  that 
because  only  a local  region  of  a casing  takes  part  In  destroying  the  energy  of  a fragment  by  stretching 
and  distorting,  a local  thick  area  of  casing  behaves  as  though  it  t>»re  part  of  a complete  ring  of  the 
same  thickness.  By  applying  this  principle,  a given  standard  of  protection  could  be  provided  for  a 
given  aircraft  for  a minimum  engine  weight  penalty. 


MU 

KU1VKE 

Research  work  Is.  required  n t.lie  subjects  Hated  below  and  to  some  degree,  It  Is  in  progress. 

(a)  Control  of  direction  ol  fatigue  crack  propagation  in  discs. 

(b)  Loss  ot  energy  ot  a fragment  due  to  passing  through  a casing. 

(c)  Effect  ot  btade/dlsc  configuration  upon  loss  of  energy  in  passing  through  a casing. 

(d)  Containment  criteria  for  a group  ol  blades  and  a piece  of  disc,  as  opposed  to  a single  blade. 

(e)  Containment  ability  of  casings  of  various  materials  and  configurations. 

(f)  Directional  release  of  debris. 
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Lee  be bo Ins  de  1 ‘analyse  de  srfcurltrf  Impobrfe  j>ar  injection  de  drfbrls  de  moteur^  cunduiaent  A 1 ‘rflabo ra- 
tion tie  schrfmaa  de  perforation  defi  structures  d'aviuti.  lour  8tr*e  pratiquenvnt  utllisablec  dans  ce  but  t -8 
schrfmas  dolvent  8tre  simples  tout  en  rest,  ant  rrfallstee.  Four  ce  falrc,  11  apparait  prrffrfrable  d'utlliaer 
different!  echrfiuas  adaptrfs  k ohaque  situation  cuivnnt  la  nature  doa  obstacles  et  dea  projectiles  en  pre- 
sence. Un  ensemble  d'esnals  relat 1 vemant  cimplea  permet  en  partlculler  de  Jusiifler  et  df adapter  h la  si- 
tuation rftudlrfe  un  tel  sa)>rfma  ikait  la  perforat ion  den  structures  et  das  blindages  mrftal  1 iq.iea,  Ce  schema 
peut  alors  fitre  utilise  A la  determination  de  la  probability  de  perforation  dea  structures  par  dea  drfbrls 
rirfflnia  par  un  model#  dejection  rflaborrf  par  le  motor icte.  I-e  drfvoloppement.  de  cette  mrfthode  foumlt  des 
bases  rationnellea  k un  Jugement  ubjeotif  de  la  oituation.  II.  perroet  de  drfgngor  de  nuuvelles  perspectives 
pour  la  recherche  et  1 'analyse  de  colut luno  plus  performantes. 


X.  POSITION  DU  PHUbUHL 

1.1  L'objectif  srfcurltrf 

La  srfcurltrf  du  transport  arfrten  rente  un  objeot.lf  fondamental  des  construe teura,  avlonneurs  et 
moloristes,  et  des  exploltants  sous  la  condulte  dea  Autorltrfa  Officialism.  Lea  efforts  lnlaasabj.es  drfployrfa 
par  toua  on  oe  domain#  ns  sunt  pas  valria  si  on  en  Juge  |>ar  1 ' asrtl loratlon  constant#  du  niveau  global  de  se- 
curity. A l'heure  actuelie  le  Lranaix-rt  arfrien  tlent  une  place  honorable  dans  ce  domalna,  lntermrfdlalre 
entre  1 'autoraobl le  et  le  train,  Ce  rrfoultat,  pour  encourageant  qu'll  suit,  ne  conduit  c« pendant  pas  k 
re lie her  les  efforts  en  ce  domain#.  L' experience  acqulae  jwrmet  k cliaque  nouvelle  grfnrf ration  d'avions  de 
transport  d'satllurer  cette  altuation.  Cent  alnml  qu'en  drfplt  de  sa  percce  dans  le  domalne  du  transport 
superoonlqu*,  voua  puuvex  fitre  assurrfi  qua  tout  a rftrf  tnie  en  oeuvre  pour  que  OuNCcRUtt  ne  fallllsse  pas  u 
cat  to  rrfgle.  Nous  aliens  vouu  presenter  un  apercu  des  drf  veluppementa  elTec  turfs  dans  un  domain#  trrfs  par- 
ticular da  ce  vaste  probHme.  Ce  faioant,  11  aonvlent  de  n#  jias  perdre  de  vue  deux  d#s  aspects  qul  noun 
paralsaent  essentials  en  ue  domalne  : Je  me  perracts  de  le  rappeler  lcl  oar  plongrfs  dans  une  analyse  par- 
cell  sire  nous  rlsquona  de  perdre  de  vue  fie  rflrfmenta  i ondamntaux, 

a)  La  srfcurltrf  n'eot  p«B  un  problems  drfterminiale. 

Un  problem#  de  srfcurltrf  ne  peut  se  poser  de  par  sa  nature  mime  qu'en  termen  de  probability. 

II  est  clalr  que  si  Its  chosen  rf talent  parfaitement  drfterminrfes  11  y a bleu  longtemps  qu'll  n'exUterait 
plus  de  oalaatrophe.  Mala  notre  Ignorance  ou  1 * lmprrfvi sibll j trf  de  certains  phrfnomrfnss  nous  pucent  ce  pro- 
blems. fcn  matirfre  de  srfcurltrf,  la  certitude  sbsolue  n'exlate  pan.  On  ne  peut  parler  de  risque  nul  nl  ix 
fortiori  l'exlger  meme  pour  le  transport  arfrien.  Dependant  nous  noun  perrmrttruns  par  abuo  de  langago  de 
dire  qu'un  rir.qur  a:\l  nul  ou  plutfll  nrfgllgesble  eri  nouc  rrffrfrant  au  molnB  impl loltemenl  a un  niveau  grfno- 
ral  de  plusiturn  ordrea  de  grandeur  suprfrleur. 

b)  La  srfcurltrf  ne  ne  par tags  pas. 

L' impact  pcychu-sociulogique  cunsldrfrablo  de  la  cataotrophe  arfrier-ie  ost  llrf  nous  sombl-  -t-il 
k 1 ' Importance  du  nombre  des  vlctimes  et  k l'abacnce  quad  grfnrfrale  de  reooaprf.  Lea  raiaons  de  la  catas- 
trophe lorsqu'uu  peut  lea  d/ terminer  n ' intrfreasent  que  |*eu  le  public.  C'est  seulement  affaire  de  ejirfcla- 
list©.  II  ent  tout  k fait  vain  de  chercher  A rrfdulre  un  risque  f»artlculler  A nrfant  si  nlmul tanrfment  un 
effort  homog?;ne  n'est  pas  effecturf  our  l' ensemble  den  autres  rlaqueu.  Cecl  n'aura  pac  aodlflrf  la  situation 
du  passager  ct  ne  pent  servlr  qufA  donner  1* illusion  d'une  bonne  conscience  a certains  sprfclallntea. 

11  oonvlent  tout  parti cul lerement  do  ne  pas  perdre  de  vue  oes  considerations  grfnrfrales  pulsque 
nous  n'allons  plus  nous  lntrfreaser  qu’A  un  aa|>eot  trrfo  {>artlculler  da  la  srfcurltrf,  celui  des  consrfquencea 
d'rfjeotlcn  de  drfbr^s  de  moteurs.  C*est  pourquol  ceoi  nous  conduit  forerfment  A aborder  ce  probliime  du  point 
de  vue  des  probability*  et  non  d’un  point  de  vue  purement  drftermlnlste  et  A nous  Intrfresser  assent iellement 
k l'ordre  de  grandeur  relatlf  de  ces  probabllitrfs. 

1.2  L'rfo Latement  dea  dlaques 

II  arrive  mal F*eu re u semen t que  pour  dl verses  raisons  lea  rotors  des  rrfsoteurs  rfolatent  en  projetant 
dans  .1  'e space  envlronnant  des  drfbrls  varirfs. 

tii  raison  des  consrfquencea  catsstrophlques  pouvant  en  rrfsulter  pour  1 'avion  11  eat  malntenant  grfnrf- 
rslement  admls  par  les  motorlatea  d'assurer  la  rrftention  de  oes  drfbrls  dans  le  carter  du  moteur  en  cas  do 
rupture  d'auben,  Male  11  peut  ae  produlrc  des  incidents  plus  graves  » des  ruptures  de  c'lpques. 

Dans  ce  css  lea  motorlstes  ne  s'engagent  pao  k l’heure  actuelie  k assurer  la  rrftention  de  ces  drf- 
bria.  II  appartient  alors  aux  avionneuro  d'apprrfcler  le  risque  en  rrfsultant  et  de  reoheroher  les  meyens 
adrfquats  pour  mlnimlrcr  a un  nlveeu  convenshia  Is  probability  de  oonsrfquenceo  catastrophlques  pouvant  en 
drfcouler.  Natural lenient  les  motorlatea  font  tout  leur  possible  pour  ohercher  k rrfdulre  le  nombre  df Incidents 
de  cett#  sorts,  Oa  affortE  ne  ncjnt  pas  value  d’tllleurs,  si  on  an  .luge  d'apreo  la  drfcmlssance  lent#  mals 
rrfgull^re  depuis  'mo  dizslne  d'annrfes  de  la  frequence  de  oe  phrfnmrH'ne. 

C'est  en  se  feasant  sur  oetti*  vaste  experience  «t  ooir.pte  tenu  des  prrfouutions  adoptrfes  lorfl  du  drfve- 
loppement  de  ce  nouveau  moteur  que  H0LU3  KOYCK  a svanerf  la  valtur  de  0,55  Incidents  de  ce  type  par  million 
d'heures  de  Vol  avion.  Cette  valeur  s'entend  |>our  le  quadr.lrrfac teur  C0NC0HDL  el'fectuant.  une  rfbafie  type 
d'une  durrfe  moyenn-'  de  troll,  heurca. 

Dependant  ce  rlsqii#  «at  encoie  auf fl namment  grand  pour  avoir  fait  l'objet  d'urie  rftude  particul  1 J*re- 
ment.  lmiiortante  de  la  part  den  avlonneurs,  Four  s'en  convainore  11  nuff it  de  comparer  cette  vaieur  k celle 


du  risque  global , Fig.  1.  II  oonvlent  done  de  Justlfler  pour  cette  soul*  caure  un  risque  de  consequence 
catastrophlque  notablenent  lnf^rleur. 

Naturellement  pour  an  Juger  l'avlonneur  dolt  disposer  d* Informations  sur  lee  caracterlstiques  das 
ejections  « - trajectolre  des  debris, 

- nature  des  cMbrls, 

- ynergle  des  debris. 

Ces  ! sfonsatlons  assocKes  A des  repartitions  de  probability  constituent  le  noddle  d'yelatement. 

1.3  Le  modile  d'yelatement 

L' ana lyse  mlnutleuse  de  tous  les  Incidents  de  co  type  survenus  4 ce  Jour  alliee  4 une  connalssance 
approfondle  du  raoteur  ne  nous  senble  pas  encore  sufflsante  aujourd'hul  pour  ^laborer  sur  dee  hasea  strlc- 
tement  ratlonnelles  un  modble  complet  d'yelatement.  11  convlent  de  ne  pas  perdre  de  vue  ce  caraciere  haute- 
ment  hypothetlque  du  modele.  En  partlculler,  on  ne  peut  en  dddulre  plus  que  des  ordres  de  grandeurs  de  cer- 
tains rlsques  et  on  ne  peut  esperer  at'.elndre  aueune  conclusion  eertalne.  Ceel  e3t  ceperidant  sufflsant  comp- 
te  tenu  des  remarques  gdnerales  pr^cydentes  si  on  se  place  naturellement  en  dehors  de  tous  cadres  dyterml- 
nlstes.  t 

A titre  d'exemple,  dans  le  module  utlllsy  la  definition  des  trajectolres  est  du  mSme  type  pour 
tous  les  debris.  Elle  est  basee  sur  une  trajectolre  de  base  constltuee  par  la  tangente  d-ins  le  plan  de 
rotation  du  dlsque  au  cercle  decrlt  par  le  centre  de  gravity  du  debris  avant  rupture.  La  probability 
d'ejectlon  est  la  mime  dans  toutes  ce3  directions.  Cette  trajectolre  de  base  peut  3tre  deviee  4 la  tra- 
versee  du  carter  moteur  d'un  certain  angle  8 par  rapport  au  plan  de  rotation  du  dlsque.  La  valeur  maxlmale 
de  cette  deviation  est  fonctlon  de  la  nature  des  dybrls.  Elle  est  de  + 30*  pour  les  dybris  mlneurs,  de  ♦ 5* 
pour  les  dybrls  majeurs  et  de  * 3*  pour  les  tiers  de  dlsques  de  turbine.  A cette  dyviatlon  est  associye 
une  rypartltlon  de  density  de  probability  trlangulalre  symytrlque  sur  l'intervalle  des  deviations  maxlmales 
ccnsldyrees.Cette  distribution  est  reprysentee  3ur  la‘  Fig.  2 pour  les  dybrls  mlneurs. 

Par  nature  les  debris  Indus  dans  ce  modele  sont  de  trols  types  : 

- aube 

- fragment  de  dlsque 

- tiers  de  dlsque  de  turbine 

11  convlent  de  pryclser  lcl  pourquol  dans  ce  module  on  trouve  des  dybrls  du  type  aube  blen  qu'll 
s'&glsse  d'un  modele  d'yelatement  de  dlsque  et  que  les  ruptures  d'aubes  sont  supposyes  contenues  par  all- 
leurs.  A la  suite  de  l'yclatement  d'un  dlsque  les  dybrls  prinlalres  ne  sont  pas  contenus  at  perforent  le 
carter.  Par  1 'orifice  alnsl  cryy  peuvent  alors  d'yehapper  des  aubes  qul  peuvent  se  dytacher  de  la  partle 
Intacte  du  dlsque.  XI  s'aglt  done  en  fait  de  projectiles  secondalres. 

La  forme  de  chacun  de  ces  dybrls  est  dyflnle  par  allleurs. 

La  comblnalson  de  ces  dlffyrents  dybrls  pertne't  de  dyfinlr  hult  cas  d'yclatement  . Ces  huit  cas 
sont  rypertoriya  dans  le  tableau  cl-dessoua  avec  leurs  fryquences  relatives. 


Cas 

mEm 

^5559 

Nombre  de  dybrls  et  nature 

Turbine 
75  * 

Ll 

Tiers  de  dlsque 

mm 

2 tiers  de  dlsque  - ynergle  maxlmale 

B 

ammsam 

20  * 

1 fragment  de  dlsque  - ynergle  maxlmale 

B 

Aubes  haute  ynergle 

8 % 

1 aube  - ynergle  rypartle  entre  55  e,t  100  % 
1 aube  - ynergle  rypartle  entre  0 et  55  % 

4 

Aube  basse  ynergle 

warn 

1 aube  - ynergle  it  55  56 

5 

Wbrls  multiples 

2 % 

Equl probable  entre  N/3  et  N/12  aubes*  toutes  4 
100  % d'ynergle. 

Compresseur 
25  % 

6 

Fragment  de  dlsque 

5 % 

1 fragment  de  dlsque  - ynergle  maxlmale 

1 aube  - ynergle  rypartle  de  55  4 100  % 

2 aubes  - ynergle  r«!partle  de  0 4 55  it 

7 

Aubes  haute  ynergle 

5 % 

1 aube  - ynergle  rypartle  de  55  4 100  j£ 
1 aube  - ynergle  rypartle  de  04  55  % 

_8_ 

Aube  basse  ynergle 

M*. 

1 aube  - ynergle  4 55  it 

• N : nombre  d'aubes  de  l'ytage  consldyry. 


Les  rlsques  associys  sont  supposys  8tre  yqul-rypartls  respectlvement  entre  les  deux  ytages  de 
turbine  et  les  14  ytages  de  compresseur. 

Lea  nlveaux  d'ynergle  maxlmale  ou  4 100  % des  divers  types  de  dybrls  sont  dyflnls  par  allleurs 
avec  ce  schism  pour  tous  les  ytages  du  compresseur  et  de  la  turbine. 

Pour  lea  dybrls  du  type  tiers  de  dlsque  de  turbine  ou  fragment  de  dlsque  cette  ynergle  ne  expend 
pas  de  1 'angle  de  dyflectlon.  Par  contre,  pour  les  dybrls  du  type  aube  cette  ynergle  est  fonctlon  de 
1 'angle  de  dyflectlon  sulvant  la  lol  lndlquye  sur  la  Fig.  3. 

Loraque  le  niveau  d'ynergle  est  lndlquy  come  rdpartl  entre  deux  llmltea  11  est  consldyry  que 
tous  les  nlveaux  d'ynergle  entre  ces  llmltes  sont  yqulprobables. 

Cecl  ytant,  on  ne  peut  s'emp&cher  de  remarquer  la  complexity  de  ce  schyma.  Naturellement,  11  est 
unanlmement  reconnu  que  les  dybrls  ausceptlbles  d'Stre  yjectys  sont  trys  variys.  D'oJi  une  eertalne  ten- 
dance naturelle  pour  augmenter  le  ryallsme  k multiplier  les  types  de  d<bria.  En  fait  on  est  certainement 
encore  t^s  loin  du  compte  car  11  n'y  a probablement  pas  deux  yjectlons  comport  ant  les  s£mea  dibrls. 
Cependant,  11  Taut  blen  noter  que  cheque  type  de  dybrls  prls  en  aonsldyratlon  dolt  Stre  aecoopapiy  d'un 
ensemble  d'hypothises  dyflnlssant  i trajectolres,  dyflectlon,  ynergle,  probability  d’ocourence  assoc  lies 
A ces  aaractirlstlques. 
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A l'haura  aotualle  la  valaur  da  la  quaal  totalltd  da  oaa  hypo  thA see  rapoaa  aaaantlallaaant  sw- 
im Jugeaent.  11  aat  olalr  dans  oaa  conditions  qua  I'amooeallamant  d'hypothAsss  da  oatta  aorta  rlaqua 
d'dlolgner  rapldemsnt  ia  modAle  propoad  du  rdallsme  souhaltd.  Autramant  dlt  11  eonvlandralt  cUa  l'dlabo- 
ration  du  modAle  propoad  aux  avlonneurs  da  na  paa  pardra  da  vua  la  oaraot Are  hautanant  aid at o Ira  da 
1 'ensemble  das  phdno®Ar*a  conalddrda. 

1.4  L'analyse  da  adcurltd 

Pace  A oatta  altuatlon  at  A l'alda  da  ea  modAle  d'dclatement,  l'avlonnaur  va  raoharohar  tous  la a 
moyens  A aa  dlapoaltlon  pour  aaaayar  da  rddulre  A un  minimum  acceptable  las  rlaquea  da  conadquencea  cat as- 
trophlques  pouvant  rdaulter  da  ca  phdnomAne.  11  eat  commode  da  dlatlnguer  parml  caa  moyena  laa  moyena 
actira  at  laa  moyena  passlfs. 

La  ddrinltlon  daa  trajectolres  foumle  par  la  modAle  d'dclatemant  permet  da  ddtermlnar  un  volume 
entourant  lea  rdacteura  qul  rlaqua  d'etre  balayd  par  daa  ddbrle.  L' lnteraeetlon  da  ee  volume  at  da  l'avlon 
ddftnlt  alora  un  volume  critique  A l'lntdrleur  da  l'apparell.  Pig.  4. 

Natural  lenient  la  premier  aoln  A prendre  eat  d'dllmlner  de  ce  volume  toua  lea  dldmenta  dont  la 
destruction  par  lea  ddbrla  rlsqueralt  d'avolr  dea  conadquencea  eataatrophlques.  Kalheureuaeaent  cetta  solu- 
tion simple  na  peut  Ptre  cppllqude  A toua  las  oaa.  En  effet  la  volume  critique  coupe  l'apparell  an  deux. 

L' Intercommunication  vitale  entre  ces  deux  parties  ndcesslte  done  de  falre  traveraer  le  volume  orltlque 
par  un  oertaln  nombre  de  circuits. 

Pour  rddulre  le  risque  en  rdsultant  on  applique  alora  le  prlnclpe  de  la  duplication  dea  circuits 
vltaux.  Sur  CONCORDE  tous  cea  circuits  sont  triplds.  II  y a lieu  de  noter  que  cetta  duplication  rdaulte 
dgalement  d'autres  considerations.  11  convlent  ndarunolns  d'attrlbuer  A ce  phdnomAne  pour  la  pert  qul  lul 
revlent  lea  pdnalltds  assocldes  A la  rdallsation  de  oe  prlnclpe. 

La  duplication  a pour  corrolalre  obligatolre  la  adgrdgatlon  de  faqon  a dvlter  la  rupture  dea  di- 
vers circuits  par  un  seul  projectile.  Cheque  circuit  conatltue  un  objectlf  d'une  tallle  relat iveaent  fai- 
ble.  IXi  seul  point  de  vue  gdomdtrlque  la  probabllitd  d'attelndre  un  tel  objectlf  eat  falble,  gdndralement 
largement  lnfdrleure  A 1CT2  pour  fixer  les  lddes.  Ia  probabllitd  d'attelndre  deux  ou  trols  circuits  sdpa- 
rds  par  des  projectiles  Independents  est  done  encore  plus  largeraent  lnferleures  A 10~,,  ou  10"^.  Cecl  eat 
tout  A fait  negllgeable  devant  les  rlsques  assoc  ids  aur  catastrophes  naturelles  que  conatltue  par  example 
1 'ejection  de  deux  tiers  de  dlaque  de  turbine  avec  1’energle  maximale. 

Sous  rdsarve  de  eontrSler  simplement  1 'application  dea  princlpea  de  duplication  et  de  adgrdgatlon 
des  circuits  11  apparalt  qu'll  pourralt  Atre  fait  l'dconomle  dans  le  modAle  p? opoad  de  toua  lea  caa  d'd- 
Jectlons  multiples.  II  nous  semble  que  cecl  seralt  de  nature  A clarifier  notablemant  la  situation  au  bdmd- 
flce  certalnement  d'une  nellleure  comprehension  dea  points  fondamentaux  de  l'analyae  de  adcurltd. 

Enfln  11  reste  A ddtermlner  le  eholx  des  chemlnementa  lea  plus  approprlda  ooopte  tenu  eh  partlcu- 
ller  des  po3Elbllltds  de  protection  contre  lee  ddbrla  offerta  par  les  structures  naturelles  de  l'avlon. 

Cette  posalblll td  est  illustrde  par  un  Incident  survenu  A une  CARAVEUJs  de  la  Compagnle  A.U.A.  peu 
aprAa  un  ddcollage  de  BUCAREST.  Un  ddbrla  djeetd  du  moteur  a traverad  la  parol  da  nacelle  et  a perford  la 
parol  de  fuselage.  L'dnergle  abaorbde  par  ces  perforations  a dtd  aufflaante  pour  protdger  la  nappe  hydrau- 
llque  sltude  sous  la  peau  du  fuselage  et  l'apparell  a pu  ae  reposer  en  dvltant  une  catastrophe. 

II  est  certain  done  que  le  eholx  des  chemlnementa  eat  partlcullArement  Important  pour  mlnlmlser 
les  rlaquea.  Pour  motlver  ce  eholx  sur  une  base  ratlonnelle  11  convlent  de  disposer  d'une  mdthode  deva- 
luation de  la  probabllitd  de  perforation  dea  atruoturea  de  l'apparell  par  caa  ddbrla. 

Enfln  si  l’analyae  de  adcurltd  ne  conduit  paa  dans  caa  conditions  A un  niveau  de  rlaqua  Jugd  adap- 
table, ^l'avlonneur  peut  avoir  recoure  A des  moyena  actlfa  conatltuda  par  das  blindages  suppldmantalres 
destines  A arrAter  plus  ou  molns  part lei lament  ou  A ddvler  lea  projectiles  ae  dlrlgeant  vers  dea  points 
senslblea.  La  mdthode  d'dvaluatlon  de  ces  blindages  ne  sera  paa  assent iellement  dlffdrente  de  la  mdthoda 
prdeddente  et  de  toute  faqon  11  y aura  lieu  de  tlrer  partle  de  la  protection  naturelle  des  struoturas.  Eh 
effet  ce  type  de  solution  eat  dans  I'd  tat  actuel  de  la  technologic  extrAmement  pdnal leant  en  partlculler 
sur  le  plan  dea  masses. 

Ces  quelques  considerations  prdl lmlnalrea  permettent  de  ae  oonvalnore  de  la  ndeesaltd  du  ddvelop- 
pement  d'un  tel  moyen  d'dvaluatlon  pour  aborder  aussl  ralaonnablerent  que  possible  ae  type  de  problAms. 

SCKEMATISATION  THEORIQUE 

2.1  Objectlf  du  schdms 

II  convlent  de  noter  tout  partlcullArement  et  de  ne  pas  perdre  de  vue  que  la  schdmatlaatlon  thdo- 
rlque  recherchde  n'a  paa  besoin  d'Atre  trds  prdciae  pour  les  troia  raisons  fondamantalea  sulvantea  t 

a)  L'appllcatlon  dans  le  cadre  de  1'analya*  de  adcurltd  cl-deasus  dvoqude  de  ce  achdma  ne  dawnds 
que  l'dvaluatlon  de  l'ordre  de  grandeur  du  niveau  d'un  certain  nombre  de  rlsques.  11  est  bien  certain  qua 
toua  lea  rlquea  doivent  Atre  relatlvement  blen  dvaluds.  Compte  tenu  de  la  multlpllcltd  des  ddbrla  Inelus 
dans  le  modAle,  56  ddbrla  dlffdrenta  rlen  que  pour  le  compreaseur,  aubes  et  fragments  de  dlaque  de  ohacun 
dea  14  dtagea  avec  dlffdrentea  dnerglea,  de  la  multlpllcltd  des  clbles  critiques  A env laager,  da  la  multl- 
pllcltd dea  obstacles,  parol  da  nacelle,  lntradoa  de  vollure,  nervures,  extrados  da  vcllure,  parol  da  fu- 
selage etc  ...,  11  oonvlent  naturellement  de  saorlfler  quel que  peu  la  prdolalon  du  sohdma  A aa  aimplloltd 
de  mlae  en  oeuvre  pour  pouvolr  aboutlr  ralaonnablement  A une  dvaluatlon  exhaustive. 

b)  Les  oaractdrlatlques  des  ddbrla  foumlea  par  le  modAle  ne  peu  vent  Atre  considdrdes  coamm  abao- 
lument  certalnea.  II  est  done  tout  A fait  Inutile  que  le  achdma  ait  vxie  prdolalon  supdrlaure  A cells  qul 
peut  Atre  accordde  aux  donndes  du  modAla  et  qul,  dans  l'dtat  actuel  de  nos  connal seances,  reste  extrtma- 
ment  modeste. 

c)  Enfln  par  nature  lea  phdnomAnea  de  perforation  sont  extrdamment  complexes.  II  nous  paralt  tout 
A fait  vain  aur  le  plan  technique  da  o here her  A analyser  en  ddtall  toua  ces  phdnomAnea  dans  toutaa  leura 
gdndralltda.  Par  example  on  salt  que  lea  phdnomAnea  dlffArent  aulvant  la  nature  dea  corps  en  prdaencet 
projectiles  et  structures  ou  blindage.  Nous  prdfArerona  done  ddvelopper  plualeurs  achdmat  simples  adapt da 
A chacune  de  ces  situations  plutOt  que  de  reohercher  un  achdma  plus  complete  pouvant  las  anglober  toutaa. 


far  centre,  lea  hMiu  menus  devront  prendre  tn  coapte  les  oaractirlatlqua*  essentlslles  qul 
provlennent  du  problem  posy  par  l’tfelataaant  ncn  contanu  das  motaura.  Daux  da  oaa  earactirlstlquss  nous 
paralaaant  partloullkremant  Important®*. 

la  premlkre  eat  1'lnoldence  daa  trajeotclres  far  rapport  aux  structures  ou  au  blindage.  En  affat 
laa  structures  da  l'apparell  aont  aouvent  const ltuies  d'^ldaanta  auoeaaalfa  orthogonaux.  Un  eas  type  aat 
la  sulvant  i parol  da  nacalla  vertical®,  lntradoa  da  vollure  horizontal,  nervure  vertical#,  extradoa  da 
vollure  horizontal,  parol  da  fuselage  vartlcala.  Par  aulte  da  1 'obliquity  at  da  la  diversity  dee  trajac- 
tolrea  on  ast  aner.y  h conaldlrer  pratlquement  touta  la  ~aiaae  daa  l.-.cldencea  poaalblea  da  zdro  & 90*. 

la  seeonde  eat  la  presentation  de  oe  projeotlle  k 1' Impact  sur  sa  trajaetolra,  II  eat  Inddnla- 
ble  que  la  pcuvolr  perforant  d'un  projectile  comme  une  auba  de  rdacteur  n’eat  paa  la  dime  aulvant  qua  ce 
debris  sa  pr^sante  fc  plat  ou  la  points  an  avant.  De  ee  fait  le  problkme  eat  essentlellesient  different  de 
celul  posy  aux  ansurlers  par  las  artlllaurs  qul  s'appllquent  K exoddler  dee  projectiles  polntus  axda  at 
stabilises  sur  leurs  trajectolres.  II  est  lmplicltement  adrals  dam.  le  modfcle,  que  cheque  debris  peut  sa 
presenter  sur  sa  trajectolre  de  toutes  les  faqons  possibles  avec  la  mime  probability.  II  ost  done  essen- 
tial du  point  de  vue  des  probabilities  de  tenlr  corapte  de  eette  situation. 

2.2  Schima  pour  un  blindage  plastlque 

2.2.1  Consldyration  ynergytlque  globale 

Les  deux  corps  en  presence,  e'est-i-dire  ! 

• le  projectile  constltuy  lcl  par  une  aube  ou  un  fragment  de  disque 
- le  blindage  constltuy  lcl  par  une  plaque  avec  yventuellement  son  support, 
peuvent  Itne  caractyrises  par  leurs  ynergles  einytlques  fce  et  lours  ynergies  Internes  El.  Olobalement  le 
rrlncipe  da  la  ccnservatlor.  de  l'ynergle  pamet  d'yerire  la  relation  sulvante  entre  les  variations  de  ces 
grandeurs  entre  deux  Instants  successlfs  ot  plus  partlcullerement  entre  le  dyb«a  et  la  fin  du  choc  s 
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avec  l'l.ndlce  9 pour  les  caracterictiques  du  blindage  et  A pour  celles  de  l'aube. 

dlobalcnent  11  y aura  naturellement  transfert  de  l'ynergle  clndtlque  de  l'aube  lncldente 
vers  les  autres  forme3  d'ynergle.  Cette  relation  est  naturellement  trop  gynyrale  pour  Itre  d'une  gran- 
de utility,  mais  11  semble  possible  dans  le  cac  prysent  de  I'expllciter  un  peu  plus  tout  en  la  slmpllflant. 
Cor.pte  tenu  de  la  nature  des  matyriaux  en-precence,  11  est  raisonnable  d'admettre  que  le  projectile  se 
comporie  comne  un  corps  rlglde  lr.dyformable. 

La  relation  prycedcntc  se  rydult  alors  k ! 

En  ce  qul  ccnceme  le  blindage  on  peut  chercher  a dllmlner  le  terme  ynergle  clnytlque. 
L'analyse  ultyrleure  permettra  de  pryclser  ce  point  de  vue. 

2.2.2  Consldyratlon  ynergytlque  partielle 

MSne  slmpllfiye  dans  le  cadre  du  prysent  probleme,  la  relation  ynergytlque  globale  pryddente 
est  trop  gydrale  pour  ctre  utlllsable.  Pour  progresser  dans  notre  analyse,  11  est  nycessalre  de  pryclser 
les  actions  de  contact  entre  le  projectile  et  le  blindage  au  cours  du  choc. 

La  Frcmlkre  hypothese  est  de  considyrer  le  blindage  come  homogkne  blen  qu'll  solt  const  ltd 
d'une  ms  trice  de  rcsine  renforcye  par  des  nappes  de  fils  syntbitlques.  Pour  ce  falre  11  sera  vyrlfd  que 
la  plus  grande  des  distances  oaractyrlstlques  entre  les  fils  est  blen  Infyrleure  a la  plus  petite  des  di- 
mensions caractyrlstlques  de  l'aube  d'une  part  et  que  d’autre  part  Is  3tructurs  du  dseau  de  ces  fils  est 
Isotrope  k cette  ychelle.  Dans  ces  conditions  l'aube  pour  pydtrer  dans  le  blindage  dolt  rompre  ces  fils  et 
on  peut  admettre  que  1 'ynergle  nyceasalre  JE  est,  du  fait  de  Is  density  du  reseau  des  fils  proportlonnelle 
su  volume  du  cretkre  alnsl  constltuy  Jty'.  Solt  :^Eap&lT  en  nygllgeant  par  allleurs  l'effort  de  pyd tra- 
tion  dans  la  matrlce  de  ryslne. 


En  cWslgnant  par  n le  vecteur  unltalre  normal  k la  surface  de  contact  S 
blindage,  par  Vas  la  vltesse  de  la  parol  de  l'aube  par  rapport  k celle  du  blindage, 
pendant  l'lntervalle  de  temps  At  est  ygale  a i tlj  A’fy’  dS  At 
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entre  l'aube  et  le 
le  volume  constltuy 


d'ou 
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SI  f est  la  force  de  contact,  son  travail  est  aussl  ygal  k : it,  ft 


II  en  ry suite  que  t 


r 


V^dSAt 


l»P« 

Autrement  dlt,  l'effort  de  contact  est  asslmliy  k une  presBicn  constante  a'exerqant  sur  la  surface  de  con- 
tact et  caractyrlstlque  de  1 'ynergle  volumlque  de  dycohyslon  du  blindage,  Les  auteurs  du  document  AD  601-200 
("Study  of  mechanisms  of  armor  penetration  resistance"  du  Ballistic  Research  Laboratory  d 'Aberdeen  - 
"Ksthematlcal  model  for  energy  I03S  mechanisms  In  composite  media"  des  Dot  S.  TSAI  et  D,  ADAMS)  arrlvent  k 
la  dime  conclusion  aprks  un  examen  vlsucl  de  la  surface  des  eratkres  erkys  dans  des  blindages  de  ce  type. 

11  y a lieu  de  noter  que  ces  phynomknes  sont  blen  dlffyrents  en  ^tatlque  ou  k vltesse  lente.  la  press  Ion 
caracterlstique  n est  In  contralnte  de  rupture  dynamlque  dlffyrente  de  la  contralnte  de  rupture  statlque 
en  traation  des  fils  per  flexion  de  la  plaque. 

Sulvant  )a  nature  des  constituents  du  blindage,  le  rapport  p/C  Ivolue  entre  1 et  2 d'aprks 
les  essals  rapportya  dans  ce  document. 


prend  done  la  forme 


En  admettant  oette  conception,  la  variation  de  l'ynergle  Interne  de  dycohyslon  du  blindage 
orme  • a x i jl ,t  imet  « &IT  ^ 


'AEjjytoWMdBj.p ^/?.VW 


D’autre  part,  la  variation  de  l'ynergle  Interne  de  information  du  blindage  et  de  son  6nergle 
clnytlque  est  ygale  au  travail  des_fgraes  extyrleures  p.n  sur  la  surface  de  contact  S du  blindage  avec 
l’eube  qul  se  dyplace  k la  vltesse  V&  AtJ  («hnutiot)  ♦ AE^.p.^/f’VgdSAt 
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AEg.AEg  ( E4cefc4iisa)+  A I g (Eifofamlsa) 
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Cr,  la  vltesse  de  l'aubo  eat  Egale  k : 


i'*  tst' 

D'autre  part  pour  l’aube,  on  a de  la  m8me  fa$on  s A E * » -p  " a' 

Par  Elimination  de  p,  cea  deux  relations  oondulaent  k la  relation  EnergEtlque  global*  du  $ 2.2.1.  Ce pendant, 
cette  analyse  a perm la  de  prEclser  la  structure  dea  Echanges  EnergEtlques  entre  l'aube  et  le  blindage. 


2,2.3  SchEmatisatlon  dea  earaetErlstiques  dynamlques  du  blindage 

Afln  de  poursulvre  oette  analyse  11  nous  faut  main tenant  exprimer  de  faqcn  plus  precise  lea 
earaetErlstiques  dynamlquea  du  blindage  qul  permettent  de  dEtermlner  les  expressions  de  son  Energle  clnEtlque 
et  de  son  Energle  de  dEformation. 

Nous  supposerons  que  le  blindage  eat  eonstltuE  par  une  plaque  earrEe  de  cotEa  a slmplement 
appuyEe  sur  son  contour  sur  un  cadre  lnflniment  rlglde.  Nous  supposerons  de  plus,  pour  ne  pas  nxiltlpller 
les  calculs,  que  l'aube  vlent  pereuter  le  blindage  en  son  centre. 


Nous  allons  chercher  k reprEsenter  le  blindage  par  une  masse  ponctuelle  Equlvalente  rappelEe 
Elastlquement  et  placEe  au  point  d’ Impact.  En  ne  consldErant  que  la  premlfere  forme  propre  de  cette  plaque. 


la  masse  Equlvalente  est  Egale  a : 


i-  £,u 


en  dEslgnant  par  M la  masse  totale  du  blindage. 

De  la  mSme  faqon  le  coefficient  de  rappel  Elastlque  peut  fctre  EvaluE  1 : |> 

E dEslgnant  le  module  d'Young  et  h l'Epalsseur  de  la  plaque;  K est  une  constante  nura6rlque 


d«0,33. 


Ces  relations  pour  ealculer  et  f ne  sont  donnEes  qu’k  titre  lndlcatlf  pour  dEtermlner 
cl-aprks  quelques  ordres  de  grandeur.  II  seralt  IntEressant  de  les  dEtermlner  expErimentaleroent  compte 
tenu  des  conditions  d'appuls  rEels  de  la  plaque,  des  earaetErlstiques  plastiques  du  matErlau  et  Eventuel- 
lenent  en  fonctlon  des  earaetErlstiques  de  l'entallle  provoquEe  par  le  projectile. 


2.2.4  Formulation  slmpllflEe  pour  un  projectile  eyllndrique 

ConsldErons  un  projectile  eyllndrique  attaquant  normalement  le  blindage.  Solt  A la  section 
de  contact  qul  est  constante  dans  ce  cas.  L'ensemble  des  hypotheses  faltea  prEcEdemment  permet  de  dEcrlre 
le  roouvenent  de  pEnEtratlon  par  les  deux  Equations  sulvantes  ; 

- mouvement  de  l'aube  : *-pA 


- mouvement  du  blindage  : + I n p A 

en  dEslgnant  par  z le  deplacement  de  l'aube  de  masse  m et  par  ^ celul  du  blindage. 

Solt  h leur  dEplacement  relatlf,  c'est-k-dlre  la  profondeur  du  cratEre  erEE  par  l'aube 
dans  le  blindage  : k • t . ^ 


on  a 


Eh 

A 1' Instant  Initial  h 
dage  lorsque  h=C. On  a 


done 


0 et  h'  « V vltesse  de  l'aube. L'aube  cesse  de  s'enfoncer  dans  le  blln- 

TmV*  - pa(  i^jk  ♦ y*s&« 

' e / 

Si  on  nEglige  l'Energle  de  dEformatlon  Elastlque  du  blindage  reprEsentEe  par  le  terme  IntEgral  on  obtlent 
la  relation  approchEe  i 1 my2 

, it. 2 

PAIUE) 

Avant  de  gEnE'rallser  cette  formule  pour  les  applications  en  vue,  nous  aliens  la  comparer 
avec  la  formule  de  TSAI  et  ADAMS  dans  laquelle  K est  un  coefficient  de  forme  qul  vaut  d'allleura  1 dans 
le  cas  d’un  projectile  eyllndrique  k fond  plat  w • log(  I ♦ 

Kp  A 2p 

Les  conceptions  avancEes  sont  trEs  volslnes  des  nStres  sauf  en  ce  qul  conceme  le  calcul  de 
l'Energle  clnEtlque  prlae  per  le  blindage.  En  effet,  cea  auteurs  Eorivent  que  le  travail  de  la  force  de 
contact  eat  Egal  k l'Energle  olnEtlque  prise  par  1'ElEment  de  volume  du  blindage  surmontant  l'aire  d'lmpaot. 
En  fait  nous  pensons  que  ceol  est  Incorrect  pour  les  raisons  sulvantes  t 

• le  travail  de  la  force  est  Egal  k la  variation  d'Energle  clnEtlque  et  non  k l'Energle  olnEtlque. 

- la  vltease  de  1'ElEment  de  blindage  n'est  pas  cells  de  l'aube  slnon  11  n'y  aurait  pas  pEnEtratlon. 

- 1'ElEment  de  masse  IntEressE  n'est  pas  unique merit  1'ElEment  au-dessus,  male  tout  le  blindage  est  entratnE 
plus  ou  mo ins. 

II  eat  alors  olair  qu'en  approxlmant  le  terme  log  (1+x)  par  x,  oe  qul  revlent  k nEgllger 
l'Energle  olnEtlque  du  blindage  on  retrouve  ldentlquement  la  mPme  formule. 

L'Evaluatlon  numErlque  de  quelques  ordres  de  grandeur  permet  d'allleura  de  Justlfler  oette 
hypothkse  pour  les  applications  envlsagEes. 

2.2.5  Extension  de  la  mEthode 


Dans  le  oas  d'une  aube  d'une  gEooEtrle  en  dEflnltlve  fort  tourmentEe,  on  peut  Etabllr  un 
orltkre  tout  aussl  simple.  En  effet  en  revenant  k 1 'Equation  do  base  on  peut  Egalement  IntEgrer  loraque 
l'aire  da  oontaot  A est  varlabla  avao  h. 
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On  a alors  t 


Siiik 


et  le  premier  aembre  n'eet  autre  que  le  volume  du  erattre  crtt  par  I'aube  si  bien  qu'en  ntgligeant  tven- 
tuelleoent  l'tnergle  de  deformation  tlastlque  du  blindage  on  obtlent  le  orltcre  « y . 1/2 mV?  qui 
nous  seoble  gtntrallser  d'une  fa?on  convenable  la  formule  prtctdente.  p (1  ♦ IJ.J” 

Ceol  permettrait  en  partlouller  de  traiter  tgalement  le  cas  d'une  trajectolre  4 incidence 

non  normale. 

Enfln  dans  le  cas  d'une  aube,  11  est  clalr  que  les  forces  de  contact  vont  crier  igalement 
un  couple  qul  va  engendrer  une  tnergle  elnttlque  de  rotation  de  I'aube.  Cecl  va  avoir  pour  effet  : 

- d'amtllorer  l'efficaeitt  du  blindage  car  cette  tnergle  elnttlque  de  rotation  ne  peut  provenlr  que  de 
l'tnergle  elnttlque  lnitlale  de  I'aube  ce  qul  rtduit  d'autant  ce  que  le  blindage  doit  absorber  en  tner- 
gle  de  dtcohtalcn,  de  deformation  ou  einttique. 

- d'augmenter  le  volume  du  oratfere  pour  une  m8me  tpaisseur  traverste  cai’  la  rotation  lnduite  va  avoir  pour 
effet  de  coucher  i'aube  sur  le  blindage , ce  qui  va  augmenter  l'alre  de  contact  A. 

Le  traitement  oomplet  du  probltme  vu  sous  cet  angle  nous  semble  sortir  complttement  du  cadre 
llmiti  que  nous  nous  sommes  fLxe.  Ntanmoins,  Je  pense  qu'll  ttalt  bon  de  preciser  les  limitations  de  eer- 
taines  approximations. 

2.3  Schtma  pour  un  blindage  mttallique  ou  une  structure 

2.3.1  Consideration  gtntrale 

Dans  le  cas  d'un  blindage  ou  d'une  structure  mttallique,  le  mecanisme  des  phenomenes  de 
perforation  est  apparemnent  tout  4 fait  different  de  celui  avanct  ci-dessus  pour  la  perforation  d'un  blin- 
dage plastique. 

Naturellement  les  considerations  tnergttiques  globales  restent  les  iu$mes.  Nous  admettrons 
igalement  que  le  projectile  se  comporte  comme  un  corps  rigide  indeformable  bien  que  cecl  soit  certainement 
beaucoup  moins  vralsemblable  que  prtetdemment.  Par  contre  1 'experience  montre  que  dans  les  cas  ttudits,  les 
deformations  du  blindage  sont  relatlvement  faibles,  ce  qui  permet  de  ntgliger  plus  facilement  les  termes 
d'energie  de  deformation  eiastique  et  d’energle  cinetique  de  ce  type  de  blindage. 

2.3.2  Consideration  energetlque  partlelle 

II  est  malntenant  necessaire  de  revoir  les  actions  de  contact  entre  le  projectile  et  le 
blindage  au  cours  du  choc.  Un  exanen  visuel  rapide  d'un  certain  r.ombrc  de  resultats  d'essais  effectue3  dans 
ces  conditions  nous  a conduit  4 admettre  que  le  mecanisme  fondamental  de  perforation  est  une  rupture  par 
cisaillement  dynairique.  Ce  mecanisme  est  naturellement  tout  a fait  different  de  celui  examine  precedemment 
pour  la  perforation  d'un  blindage  plastique.  Comme  il  a ete  souligne  ab  initio  ceci  provient  de  la  nature 
difftrente  des  corps  en  presence. 

Sulvant  ce  point  de  vue  l'effort  de  penetration  est  proportlonnel  a l'alre  cisaillee.  Dans 
le  cas  d'une  plaque,  cette  aire  est  proportlonnelle  au  prodult  du  ptrimet re  L de  la  projection  3uivant  la 
vltes^e  V du  projectile  en  admettant  que  ce  dernier  ne  tourne  pas  durant  1' impact,  par  l'epaisseur  cisailr 
iee  — — T , e etant  l'epaisseur  de  la  plaque  et  1 1 'incidence  de  la  Vitesse  du  projectile,  angle  de  cette 
vltesse1  avec  la  normale  4 la  parol. 

II  convlent  de  bien  noter  pour  ivlter  toute  confusion,  que  ced.  ne  veut  pas  dire  que  la  dt- 
chirure  de  la  plaque  s'effectue  strlctcment  sulvant  le  ptrimetre.  L n'est  en  f'ii.1  qu'un  parametre  d'tchelle. 
Cecl  veut  dire  en  fait  que  l'tnergle  de  perforation  sera  finalement  proportlonnelle  a la  tallle  du  projec- 
tile et  que  nous  avons  trouvt  commode  pour  caracttrlser  la  tallle  de  nos  debris  de  prendre  ce  parametre. 

II  en  rtsulte  que  la  variation  d'tnergie  cinetique  de  i'aube  dolt  pouvoir  se  mettre  sous 

la  forme  : £|*  - ftl 
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ce  qul  dtflnlt  un  coefficient  de  proportionnallte  . Ce  coefficient  a les  dimensions  d'une  contrainte. 

Nous  l'eppellerons  la  contrainte  apparente  de  rupture  en  cisaillement  dynamique  de  la  plaque.  Elie  n'est 
naturellement  pas  directement  lite  aux  caracttrlstiques  habituelles  du  materiau  et  doit  Stre  dtterminte 
dans  chaque  cas  par  des  essals  aussl  representatifs  que  possible  de  1 'ensemble  du  phenomena. 

Ce  schema  nous  semble  bien  rcpondre  aux  objectifs  gtntraux  exposes  ci-avant.  En  partlculier 
11  prend  bien  en  compte  l'effet  de  tallle  du  projectile  et  l'effet  d'lncidence.  II  y a lieu  de  noter  que 
pour  un  projectile  sphtrique,  le  ptrlmHre  projett  L est  lnversement  proportlonnel  a cos  i,  ce  qui  n'estt 
pas  vral  lcl  pour  une  aube  de  forme  complexo,  le  contour  apparent  se  modlfiant  sulvant  la  direction  de  V 
dans  I'aube.  On  retrouve  alors  dans  ce  cas  l'effet  d'lncidence  en  coslnus  cube  de  la  loi  de  Smith,  ce  qul 
nous  paratt  St  re  un  recoupement  inttressant  pour  Justifier  cet  aspect  de  la  formulation  presentee. 

2.3.3  Extension  aux  structures 

Les  structures  avion  sont  constitutes  bien  souvent  de  plaques  munles  de  raidlsseurs,  soit 
obtenues  par  un  uainage  dans  la  masse,  soit  rapporttes  comme  des  comitres.  L'tnergle  de  perforation  de 
ces  tltments  ne  peut  8tre  ntgllgte  devant  celle  de  la  paroi  proprement  dite  au  moins  pour  les  plus  impor- 
tants  d' entre  eux. 

Pour  ces  tltments  l'effet  de  tallle  n’est  manifestcment  plus  relit  directement  4 la  tallle 
des  projectiles  si  ce  n'est  par  le  nombre  d'entre  eux  qul  dolvent  alors  laisser  le  passage  aux  projectiles. 

Nous  sommes  done  aments  4 relier  cet  effet  de  tallle  4 celle  du  raldisseur.  Nous  admettrons 
que  la  rupture  se  fait  sulvant  la  section  la  plus  falble,  c'est-4-dire  la  section  droite  SJ  du  raldisseur. 
Nous  eonserverons  ntanmoins  l'effet  d'lncidence  en  prenant  pour  section  cisaillte  Si  dans  le  cas 
oil  le  tlr  est  dans  la  direction  du  raldisseur.  J eosT 

De  la  m3me  faqon  le  dtplacement  de  l'effort  de  perforation  est  rament  4 la  hauteur  cisail- 

^ e Dans  le  oau  i'un  raldisseur  de  section  rectan<rulaire,  la  dimension  caracttrlstique  est 

cholsie  en  fonotion  de  celle  du  tir,  on  a alors  ! CT.  "L  . "I  sulvant  1 'orientation. 
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Ces  considerations  nous  condulsent  & gdndrallaer  notre  formulation  sous  la  forme  suivante: 

en  dtendant  la  sonmatlon  J a touo  les  6l6rnent3  de  renfort  de  cette  nature  lnterposees  sur  la  trajectoire 
dr  projectile,  * 

Pour  un  mSme  mat^riau  le  coefficient  n'est  paa  forc^ment  £gal  k car  *1  inclut  une 
sch^matisation  dcs  ph^nomenes  de  rupture  qui  ne  peuvent  etre  ldentiquec.  II  serait  cependant  extr&nement 
difficile  de  pouvoir  determiner  ces  valeurs  ex  p£r  linen  talement  et  nous  admettrons  de  orendre  en  premiere 
approximation  une  valeur  unique*  Nous  obtenons  alors  la  formulation  definitive  suivante  : 

4i»— 

II  y a lieu  de  noter  que  cette  conception  de  decomposition  et  d..  somation  dee  dldments 
n'est  certainement  pas  trds  Justifiable  a priori,  le  mdcanisme  de  rupture  d'un  ensemble  d'dldments  pouvant 
8tre  fort  dloignd  de  la  superposition  de  ceux  des  diffdrents  composants.  C'est  ainsl  que  pour  un  raldisseur 
lntegrd  nous  avons  admls  qu’ll  y avait  deux  sections  J elsallldes  alors  que  pour  un  dldment  disjoint  nous 
n'en  conslddrons  qu'une.  En  effet  dans  ce  cas  nous  estimons  que  le  travail  de  deformation  de  cet  dldment 
pour  livrer  passage  au  projectile  aprds  rupture  suivant  une  section  n'est  pas  trds  important  vis  A vis  de 
1 'dnergie  de  rupture  d'une  seconde  section. 

3.  AJUSTEHEMT  EXPERIMENTAL  DU  SCHEMA 

3.1  Objectifs 

L'enalyse  des  considerations  theoriques  ne  peut  que  nous  convalncre  de  la  necessite  d'une  Justifi- 
cation experimentale  de  ces  schemas.  En  outre,  shacun  de  ces  schemas  comporte  une  caracterlstique  dont  la 
determination  experimentale  est  necessaire.  Tout  cecl  doit  naturellement  8tre  realise  dans  les  conditions 
les  plus  realistes  possibles  car  la  simpllclte  voulue  de  ces  schemas  interdit  naturellement  toute  transpo- 
sition. 

C'est  ainsl  que  ces  essals  ont  ete  realises  avec  de3  tirs  d'aubes  de  reacteur.  II  a ete  possible 
d'explorer  entidrement  la  plage  des  energies  eouvertes  par  les  debris  du  modele  A la  seule  exception  des 
tiers  de  disque  de  turbine  qui  3e  trouvent  avoir  un  niveau  d'energie  de  deux  ordres  de  grandeur  supdrieur. 

Les  tirs  ont  dtd  effectues  sur  ! 

- des  plaques  de  matdriaux  divers  pour  la  recherche  des  blindages, 

- un  caisson  de  voilure  de  CONCORDE  trds  representatif  des  structures  avion  considdrees, 

- un  dldment  de  blindage  montd  sur  ce  caisson  pour  1 ’etude  des  problemes  de  fixation. 

Les  essais  sur  des  plaques  de  blindage  en  matdriau  plastique  nous  cnt  rapidement  conduit  A aban- 
donner  cette  solution  compte  tenu  : 

- des  performances  de  cc  type  de  matdriaux  dans  ces  conditions, 

- des  problemes  de  fixation  de  ce  type  de  blindage  sur  la  structure  avion, 

- des  contraintes  d'encombrement. 

C'est  pourquoi  nous  allons  maintenant  nous  limiter  uniquement  a la  consideration  de  blindage  et  de 
structures  mdtalliques.  Naturellement  ces  conclusions  sur  le  merlte  des  blindages  plastiques  sont  toutes 
relatives  et  provisoires  et  nous  souhaiterions  blen  sO.r  que  le  ddveloppement  de  matdriaux  nouveaux  nous 
pernettent  d'andliorer  la  prdsente  situation. 

3.2  Moyens  d'essals 

Ces  essals  ont  dtd  rdalisds  par  le  Centre  d'Escai  Ad  ror.au  O que  d-r  TOULOUSE.  Le  moyen  de  propulsion 
est  un  canon  A air  comprimd  comprenant  un  rdservoir  de  Im^,  une  vanne  a ouvert.ure  raplde.une  culasse  et  un  txte 
de  12m  de  long  et  150mm  de  dlametre.  Pour  le  tlr  les  aubes  sont  enrobdes  sur  une  partie  de  leur  longueur 
dans  u.'  cyllndre  de  polystyrene  expansd  de  ce  dlametre.  A la  sortie  du  canon  des  couteaux  sont  charges  de 
ddchlqueter  cet  emballage. 

Avant  le  tir  chaque  -.’.’be  est  pesde  et  son  positionnement  repdrd.  Le  diametre  du  canon  ne  permet  que 
les  tirs  axiaux  pour  les  plus  grandes  aube3.  C’est  pourqucl  la  quasi  totalitd  des  essals  a dtd  rdallsde 
dans  cette  configuration  - la  plus  ddfavorable  - Cependant  pour  les  plus  petites  11  a dtd  possible  de  rda- 
liser  des  tirs  sur  le  tranehant  ou  a plat. 

La  vitesse  du  projectile  c.  la  sortie  du  canon  est  mesurde  par  un  systdme  classique.  En  outre,  il  a 
dtd  installd  une  camera  FASTAX  A grande  vitesse  de  prise  de  vue  {8  000  images/seconde)  pour  pouvoir  obser- 
vers l'lmpact  du  projectile,  sa  pdndtration  et  dventuellement  sa  sortie.  Une  base  de  temps  s'inserivant  sur 
le  film  permet  dgalement  de  ddtermlner  la  vitesse  du  projectile  a 1'entrde  et  A la  sortie.  Le  fonctionne- 
ment  de  cette  camdra  est  synehronlsd  par  la  sdquence  de  tir.  Malheureusement , les  conditions  d'essals  n'ont 
que  rarement  permis  de  tirer  partie  de  cette  instrumentation  dont  la  mise  en  oeuvre  s'est  rdvdlde  plus  dd- 
llcate  que  prdvue. 

Par  contre,  la  mise  en  oeuvre  du  canon  s'est  rdvdlde  excellente,  les  vitesses  ddsirdes  ayant  tou- 
Jours  dtd  obtenues.  La  cible  est  placde  verticalement  devant  le  canon.  Son  orientation  permet  d'obtenir 
tous  les  angles  d' incidences.  Enfin  une  enceinte  de  protection  permet  d'dviter  1 'endommagement  des  ins- 
tallations environnantes  et  de  rdcupdrer  les  ddbris  apres  chaque  tir. 

30  Analyse  des  rdsultats 

Nous  avons  analysd  globalement  1 'ensemble  des  rdsultats  d'essals  obtenus  pour  des  tirs  sur  des 
plaques  en  AU20NT6  et  sur  le  caisson  dc  voilure.  Pour  ce  faire  nous  avons  reportd  dans  un  diagramme  le 
rdsultat  observd  de  la  perforation  en  fonction  de  l'dnergie  cindtique  initiaie  du  projectile  et  des  para- 
mdtres  de  similitude.  Le  diagramme  ainsl  obtenu  est  reprdsentd  sur  la  figure  5. 

On  peut  dlatinguer  trds  nettement  trois  zones: 

1)  Une  zone  & grande  dnergie  ou  l'aube  perfore  et  traverse  la  paroi, 

2)  Une  zone  & basse  dnergie  oil  l'aube  est  contenue  et  la  paroi  n'est  pas  perforee, 

3)  Une  zone  lntermedlaire  dans  laquelle  on  trouve  simul tenement  des  tirs  de  l'un  ou  de  l'autre  des  deux 
types  prdcddents  ainsl  que  des  tirs  pour  lesquelles  l'aube  a dtd  contenue  mais  la  paroi  perforde  plus 
ou  molns  gravement. 
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1/ ensemble  de  cefl  Zonati  se  trouve  f sc  1 lament  limits  per  da 3 droites  dont  la  pent*  foumle  In  va- 
leur  de  1 \ constant#  £ du  schema.  L'^ventail  conotiturf  par  la  zone  intemrfdlair*  repr^eente  la  plag©  d'in- 
certitude  sur  la  validity  du  schema  «.» t la  valour  da  & . II  y a lieu  de  noter  que  l1 existence  d'une  talle 
pl;ifre  d1  Incertitude  nous  aemble  blen  naturelle  du  fait  i 

1 ) Da  la  die[>ersLun  naturelle  dee  pl^nomenes  de  perforation  amplifies  lei  par  1 'h^t^rogtfndltd  d®  1 'obsta- 
cle et.  la  diversity  des  projectiles  et  dec  conditions  de  t*rf 

2)  De  la  simplicity  du  schyma  examlnd  qui  ne  peut  natural lament  prytendre  tenlr  oompte  exactement  da  1 'en- 
semble des  phynomenen  mis  en  Jeu, 

On  observe  alnsl  entre  leo  vsleurs  extremes  de  recouvrant  cette  plage  d' Incertitude  une  varia- 
tion de  I'urirc  do  1 a 2.  Pour  apprecier  cette  incertitude  11  oonvient  de  nuter  : 

1)  Que  la  variation  due  a 1 'aflat  d' incidence  dans  la  plage  explore  ©St  de  l'urdre  d©  1 k 6. 

2)  Quo  la  variation  due  h l'effet  de  talll®  dee  projectiles  ect  de  l'ordra  da  1 i 10. 

11  en  result®  qu'au  mo  Ins  ®n  ce  qui  conceme  ces  deux  effete  fondamentaux  la  sohyms  proposy  tra- 

dult  de  fa?ou  significative  au  trains  l’urdre  de  grandeur  de  ces  phynomcnes. 

’ 1 a y to  procedo  u unu  junaly^e  simlialre  p«mr,  uy  pare  men  t,  lea  tire  sur  1©  caisson  de  vollure  et 
ceux  pur  ii'.t  } Ii..;uou  alirplea.  « n observe  le  mew©  recultat  et  les  valeuro  moyennes  du  coefficient  6 qui 

K*uv#»n’  *?«  re  dedultes  suit  idenMqueo  h 1 hb  pros*  Ceci  nouc  permet  de  Justlfler  on  premiere  approximation 
la  r.ohonaiisal  l'<n  que  nous  aVons  adoptde  pour  les  structures  complexes.  Do  1' analyse  dytailiy*  de  c ha  cun 
de  ces  ' iru  on  peut.  extruire  par  exemple  lco  remarqueG  ml  van  tea  particuli&rcroent  significative*  1 

a)  H/iet  d* incidence  - Compare!  des  tira  n*  hC  et  3D. 

Le  projectile  ®ot  le  metro,  aube  de  7®  ytage  lancye  axialement  talon  en  avant  sur  une  plaque  de  Bmm 

d*AU20N..  b'ynergle  de  ces  projectiles  ect  pratiquement  identiqu®  670  et  663  kgm.  Par  contre,  1* Incidence 
doc  tire  cat  d Iffy  rent  u respect!  vement  2b  ©t  33*.  Le  premier  j^rfore  la  l3le  et  l1  aube  pass©  au  travers 
al^rs  qu*1  ie  second  tlr  eat  arr3ty. 

b)  iiffet  de  ppy  sen  tat  ion  - Comparalson  des  tire  3b  et  6l, 

II  s’atfit  toujours  du  meme  projectile  et  dc  la  m8rae  cible.  L'ynergle  ost  voisine  : 63^  kgm.  L' incidence 
est  la  mem®  33*-  far  contre  l'aube  est  maim,  ©non  t lanuie  lame  en  avant  son  axe  faisant  un  angle  de  30* 

avec  la  direction  du  Ur.  L'aube  est  arre^e  ne  lalssant  qu'une  lygere  emprelnte  dans  la  tdle< 

c)  tret  dynamlque  - Cao  du  Ur  *fl. 

1 s'aglt  encore  du  meme  projectile  et  de  1.  m£ma  clblf . L'ineiglt.  «»t  toujoura  du  mSae  ordre  615  ken. 

L'  Incidence  est  do  25*.  L'auh.  eat  priaentde  ci"'  v.  p.  uv  c»J"  bt  A 1 'impact  l'aube  ayant  touohe  1. 
plaque  par  lo  bout  de  la  lame,  ell*  .i'ni»t  v.irowiie  sur  alle-mSme  pour  v.nlr  a'arrSter  4 pl.t  sans  Is 
perforer.  Ceci  i.ous  eemble  illustrer  l'un  dee  nombr*ux  phinomitnes  annexe  qui  expliquent  1.  dlapariion 
naturelle  dee  riaultste  obeervis. 

L' ensemble  de  ceo  .seals  efiectuis  svec  Id  mime  projectile  a/ant  une  4n*rgia  pratiquement  oonatsnta 
et  sur  la  meme  cible  demontre  parlsltemem.  par  Is  diversity  des  risultsts  Is  oompl.xltrf  das  pbtnominee.  Le 
cchdms  Iris  simple  consldiri  permet  manlfestement  de  falre  rentrer  l'ensemble  de  ces  phinomines  dans  un 
cadre  suff lssjment  r*istrelnt  pour  8tr«  vslableirent  utlllsi  a la  determination  des  objectlfs  que  nous  nous 
commas  proposes. 

L'ilaburatlon  d'un  schimn  plus  complaxe  pouvant  rdduire  de  fafon  algnlfloat.lce  la  marge  d'lnaer- 
tltude  reslduulle  nous  psra'it  8tre  une  vole  qui  ne  peut  libouchar  ralsonnablement  sur  une  mithode  efflcace. 
Heel  n'exclue  pas  nstui-ellement  de  poursulvre  les  & tudos  t ona/unentales  dans  ostts  vole  pour  la  oomprihen- 
alon  des  phenomenon  et  la  recherahe  de  mellleurs  matirlaux  de  blindage  par  example.  Nous  dlsons  slnplemsnt 
que  aecl  sort  du  cadre  dc  nos  preoccupations  techniques  sctuelles. 

four  diterminer  le  niveau  de  probability  de  perforation  11  oonvient  de  re tenlr  la  valeur  moyanne 
de  6 . Ceci  conduit  it  estlmer  la  valeur  nwye.me  de  cette  probability  C'est  la  valeur  la  plua  probable, 
ou  encore  du  point  de  vue  ctatlstlque  la  mellleure  eatiraatlon  qui  puiore  8tre  falte. 

A ce  stadc  11  convlcnt  encore  de  rejeter  la  point  de  vue  ditermlnlata  qui  oonsiater.lt  ll  prendre 

une  valeur  de  6 plus  falble  assoolie  it  un  degri  de  conflance  supirleure  4 50  /•*  Ceci  oondulralt  A ivaluer 

un  niveau  de  probablliti  de  perforation  supirieur  qui  ne  seralt  pas  la  mellleure  estimation  mala  une  borne 

cupirleure  aosociie  it  un  degri  de  conflance  sans  algnif lcatlon  du  fait  notasutent  de  1 'absence  d'allleura 
blen  ccmprihennlbie  d'lnformatlon  analogue  oohirente  pour  1»  modile  de  base. 

5.4  Observations  oomplimentalrea 

Les  esoaic  eil'eotues  sur  le  caisson  de  vollure  ont  permla  de  falre  un  certain  nombre  d1  observations 
complimentalres, 

a)  Kn  dipit  dea  digits  parlols  lmportants  Impost's  au  oalsson,  as  rialatance  structural.  IntrinsAque  ne  pa- 
ralt  pas  affeotie  compte  tenu  notasnent  du  oaractsre  fall-aafa  de  la  ocnoeptlon  structural*.  Ceci  pensat 
alora  d'envlaager  et  de  riallser  la  rixatlon  de  blindage  de  protection  aur  lea  points  fort,  de  la  struc- 
ture. Des  essals  ultirleurs  ont  permls  de  mettre  au  point  et  da  Juatlflar  oaa  fixations. 

b)  '.'exasieri  des  perforations  successive,  montre  une  diflexlon  nigllgeable  das  trajactolr  a.  Ceol  permit  en 
,-artlouller  de  Justlfler  la  notion  de  volume  critique  introduite  a priori  au  i»  1.4  et  de  simplifier  nota- 
ble..«nt  J. 'analyse  ultirieui-e. 

c)  A 1' Impact  on  observe  giniraJ eraent  qu'une  rotation  aaaes  rapide  eat  coomurlquia  au  projectile.  Pour  la 
phase  pricidant  la  perforation  oeol  rend  compte  ooene  nous  l'avons  vu  d'un.  part  d*  la  dlaparaian  asso- 
olie A ce  phinomine.  Pour  la  phase  apria  perforation,  on  peut  noter  que  l'inergie  clnitiqu.  da  rotation 
alnsl  coiammlquie  A l'aube  eet  aufflaeuiment  faitle  pour  8tre  nigllgie  devant  die  da  translation  oats 
que  ceol  assure  niunraolns  une  priaentatlon  aliatolre  lndipendante  du  projeotlla  aur  i'obataole  aulvant. 

4,  UTi  L1SATIUN  DU  SCHKMA 

4.1  Ditermlnatlon  de  l'inergle  de  perforation 

Le  schima  permet  d'ivaluer  l'inergle  nioessalre  A la  perforation  pour  un  dibrls  donni  en  fonction 
du  pirlmetre  de  la  seotlon  projetie.  Cette  valeur  dipend  de  la  pr^aentatlcn  du  projaotlle  aur  aa  trajao- 
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tolre.  iin  acoord  avec  lea  liy potiii-set  du  modfle  et  lea  eonstations  exp^rlmentales  pr^oidentca  noua  avons 
admlE  que  cette  prdstmtaUon  eat.  al^at.nlre.  L'onergle  de  perforation  se  pr^aerite  alors  sous  la  forme  d'uno 
variable  al^htolre  dont  r.ous  aliens  determiner  la  distribution  da  probability. 

Les  projectiles  oc.nsld<Sr<5s  ayajit  des  furmea  relativement  complexes,  une  representation  simple  eat 
obtenue  par  un  diScourage  en  faces  trlangulaires.  La  pj-yclsiort  recli«rch4e  n'itant  p&a  tr^a  eiev<e,  un  nosibre 
relativement  restraint  de  fncettes  sutTlt.  Les  Figures  6,  '{  et  8 lllustrent  une  telle  representation  pour 
l'aube  du  ler  etagt  du  compresseur  basse  nrepninn  vue  par  1„  point.*,  sur  le  tranchant  et  k plat. 

Une  rotation  des  cuordunnees  iwr-mel  aluru  de  Uonner  h ce  projectile  une  presentation  queloonqua. 
L'ensemble  des  armies  pent  alore  3tre  projet^  suivanl  la  Vitesse  V but  la  parol.  Un  algorithms  d'kllmlna- 
tlon  permet,  ensulte  de  determiner  le  contour  extdrieur  at  d'on  dkdulre  L. 

On  pout  alors  dy  terminer  1 'ynergle  dt  perforation  at  dtablir  la  statlstiqn#  corretpondante.  On 
obt lent  alnsl  : 


la  probability  p pour  que  l'energle  nceessalre  k la  perforation  de  la  parol  sclt  au  molns  ygale  k une 
certain*  valeur  K. 

- la  density  de  probability^-  qul  dunne  la  probability  dp  pour  que  1 'ynergle  nycesnalre  k la  perforation 
du  blindage  suit  comprise  entre  E et  E + dE. 

Les  Figures  4 et  1C  lliuctrent  k titre  d'exemple  ce  genre  de  rysultat  pour  la  perforation  de  la 
parol  d'lntraduc  p.u-  une  nube  de  ler  t tape  du  compreaseur  baose  presslon  Issue  du  moteur  1 en  direction  de 
la  nervure  12.  Cec  1 permet  de  muntrer  que  Jes  projectiles  de  ce  type  ayant  une  ynergle  lnferieure  a envi- 
ron 1 2t  t>  Kgr-  p,  ur  ce  tir  ont  une  probability  nygllgeable  de  traverser  cette  parol.  11  y a lieu  de  noter 
l'e'alemen-  considerable  des  ynergies  dans  un  rapport  de  1 k 20  ce  qul  traduit  outre  l'effet  de  prysenta- 
tlon  de  cette  aube  1 'hytyrugeneity  lmportante  de  la  structure  de  cette  parol.  II  en  i-y«ulte  ygalement  que 
la  deviation  maxlmale  des  debris  de  ce  type  apres  perforation  de  cette  parol  eat  i-ydult#  k 18*5  pour  les 
debris  k 100  % d'energle  ct  a 13*5  pour  ceux  a 55  % au  lieu  de  30*.  Ceol  rydult  d'autant  le  volume  critique 
au-delk  de  oe*te  parol  et  permet  dyjk  d'yiimlner  la  ovnoidyratlon  de  certains  risques. 

E.2  Dy termination  do  la  probability  de  perforation 

2c It  la  distribution  de  probability  en  function  de  1 'ynergle  des  projeotlles  du  falcoeau  ln- 

cldent  concldery.  La  definite  de  ptvbabjliu$  »2(E  ) de  l'energle  h des  projeotlles  du  faisoeau  Emergent  est 
f*  tirnle  par  le  pxvdult  de  cu-nvomt  Ion 

"i*11,  -C.  N(I*EJ 

Naturellement  lea  b met  d 1 Integral. Ion  se  nt  rydultes  a oelles  de  1 ' Intersection  des  supports  bor- 
nyo  dec  dlstrlbutivnn  pjet  ►' 

Les  energies  E nkgatives  correspondent  u des  projectiles  arrdtes  par  l'obstaole  et  on  a de  ce  fait 
dans  le  falsceau  kmer-gent  : . . r-t 

p2(i}=  .^pjdKi 

Pour-  E tendant  vers  l'lnflnl,  la  probability  p^(  E } tend  vers  une  valeur  oonstante  lrtfyrleure 
ou  ygale  » 1 qul  est  la  probability  moyenne  de  passage  1 des  projec* tins  de  1 'ensemble  du  faiaoeau  consldyru 
k travera  oet  obotaale. 


Ni.us  pottvons  dlstlnguer  trols  cas  sulvant  la  nature  de  la  distribution  Pj  i 

1)  Tous  les  project  llei  Incidents  ont  la  mSnti-  ynergle  La  density  de  probability  pj  se  rydult  k une 
distribution  ue  Ulrac  conceritr-ys  en  Ef  . On  a alors  i ’ 

P^>  = ) 

Ilya  lieu  de  noter  que  cette  nuuvelie  ryparti-lon  esl  iargement  ktalke  de  E0  - Ef.rf\x  i E0  - E,^,,  en 
deslgnant  par  E^gx  et  Emin  les  ■'nergies  maxlmales  ot  mlnlmales  de  perforation. 

II  en  ryaulte  que  tu  genre  d'hypothese  lntroduite  dans  le  models  no  paralt  pa»  mhyrent  aveo  lee  ry»ul- 
t.ats  de  cette  analyse.  En  fait,  11  s'aglt  d'une  hypothkse  trop  dy tormlnlste  pour  reoouvrlr  la  multipli- 
city de  la  lyallty. 


2)  Leo  projeotlles  ont  une  energie  supposye  yqulrypartle  entre  deux  limites  Ej  et  Eg* 

On  a alors  p‘  1 et  par  la  suite  p'jtj  B_J — I”  p ( E _E ) _ p (t  - E f! 

* E2-  E I £Z-E’L  2 I J 

Cette  distribution  est  ytaiye  de  E^  - tfiAx  a Eg  - limip 

3)  La  distribution  Pj  est  queleonque.  C'est  ce  qul  se  prysente  aprks  perforation  d'un  pres.ler  obstacle. 

Le  prodult  de  convolution  est  alorB  yvaluy  numyrlquement  de  proche  en  proche. 

A titre  d'exemple,  nous  presentons  les  rysultats  sulvants  pour  la  dyterminatlon  du  rlrque  de  perfo- 
ration de  la  nervure  12.  par  une  aube  de  ler  ytage  Issue  du  moteur  1 apres  traverske  de  l'lntrados  de  vollure. 

- Cas  d'une  aube  a 100  % d'dnergle  - Figure  11.  I*  probability  de  perforation  est  de  38  %, 


- Cas  d'une  aube  k knergle  de  55  k 100  % - Figure  12.  La  probability  de  perforation  eat  de  23  %.  II  sVglt 
d'un  tlr  sans  dyfleotlon.  D'apres  le  modkle  l'ynergle  des  dybrj ii*.-  ee  type  dyerolt  aveo  la  deflection 
oomme  nous  l'avonc  lndlquk  - Figure  3. 


On  effectue  dono  oe  calcul  pour  dlffyrenle  deflection,  four  C » 5*  la  probability  d#  perforation 
n'est  plus  que  de  9 % - Figure  13* 


Compte  tenu  de  lo.  probability  de  dyfleotlon  aosociye  p(  on  peui  alors  dotermlner  la  probah  1 1 1 l.c 
n.'.yennc  do  perforation  pour  1 'ensemble  de  ce  type  de  dybrlo. 

Figure  14  - Cette  probability  est  de  6 

On  traite  de  mfime  le  cas  de  l'aube  k 55  % d 'tfnergle  et  oe1.'  ‘ de  0 k 55  %• 
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On  obtlent  alnsl  pour  cheque  type  de  dAbrla  I 

- Fragment  da  dlaque  ou  auba  & loo  % JB  % 

- Auba  da  55  A 100  ;£  6 % 

- Aube  A 55  % 0.7  * 

- Auba  da  0 A 55  * 0,1  % 

On  paut  alors  determiner  par  simple  c ummatlon  la  risque  da  perforation  assoc  is  A cheque  type  de 


panne  t 


Type  da  panne  0-1  fragment  de  dlaque 

1 aube  de  55  A 1(A)  * 

2 auba a de  U A 55  % 


44  % 


- lyi>e  da  panne  7-1 

1 

- lype  da  panne  b - 1 


aube  de  55  A ICC  7. 
auba  da  O a 55  'X 

auba  A 55  % 


6 % 
0,7  £ 


La  sommatlon  pondArA#  da  oes  valeurs  par  la  frAquanco  relative  da  ccs  types  de  panne  determine  la 
risque  global  s 2,2  + 0,3  ♦ 0,1  » 2,0  {. 

L'examun  da  oatta  decomposition  parmat  de  sa  rcndr*  compte  qua  la  quaal  totality  del  rlaquas  pro- 
vient  de  l'Ajactlon  da  fragment  da  dlsque.  La  model#  propoaA  n'ast  dune  pas  homogene  at  pourralt  8tre  oonsl 
dArablement  simpllflA  ca  qul  loin  da  nulre  a l'analyaa  da  sAourittS  pormettralt  da  la  clarifier  notablemant. 


Four  continuer  11  faut  tenlr  compte  da  la  probability  gAomAtrlque  d'AJeotlon  dans  la  direction  da 
la  clbla.  On  a alnsl  par  example  P#  - } *.  La  risque  assoclA  eat  dona  de  0,0b  %. 

fcn  ef tea  turn t une  dAtermlnatlon  analogue  pour  l'ansambla  das  4 moteurn  at  das  14  Atugeu  du  oomprea- 
aeur  11  paut  8tre  Atabll  que  la  risque  de  perforation  das  narvurei  12  ou  21  eat  da  l'ordre  de  10"*0  par 
heures  de  vol. 


Un  tel  rAsultat  parmat  alors  d'Atayar  un  Jugement  objactir  eur  1'lntArtt  d'un  blindage  da  protec- 
tion dans  oatte  zona  pour  riduire  de  fafon  significative  ca  niveau  da  risque.  Naturellemant  une  telle  ana- 
lyse est  A affectuar  simultanAoant  pour  l'ansambla  da a rlaquas  da  fa?on  A fairs  raasortlr  lea  AlAmenta 
essentials  pour  poUVulr  porter  un  Jugsment  global. 


5.  PKKf.'bJiCTIVja 

Nr-uu  ven  ins  de  voir  comment  la  sctiAma  propose  parmat  A partlr  du  module  d'Aalatemen:.  round  par  la 
motorlste  de  determiner  la  niveau  das  rlaquas  assoc  ids. 

Ce  schema  est  vulunt&lrament  ausol  simple  que  poi  slble.  Compte  tenu  (las  objeotlfs  vlsAs  11  na  nous  sala- 
ble pus  souhaltable  de  chercher  A 1 'amAllorer  ce  qul  ne  pourralt  condulr*  qu'A  das  coaplloatlona  lnutllaa 
at  rapldement  lnaxtrloablaa.  Par-  contra  nous  pensuna  que  la  type  da  mod&ie  utlllsA,  bleu  qua  psrf alternant 
oonvenable  cur  11  contlent  toutas  las  infonaatlcne  nAcessalres,  oa  qui  n'ast  oartalnemant  pas  dAji  un  mince 
travail,  gogneralt  nAanmolns  A Avoluer  dans  la  sans  d'una  plus  grande  simplicity.  L'analysa  da  aycurlty 
assooiy#  y gagneralt  an  clarty  sana  parte  da  signification. 

Inc ldenment  JV  convlant  de  auggyrar  1 'utilisation  du  sohAma  proposy  pour  determiner  A partlr  da  l'examan 
dos  dAgats  prov.quAn  lors  de  tels  phAnooAnea  l'ordre  de  grandeur  da  l'Anargie  das  dAbrls.  II  y a 1A  oertal- 
nement  une  source  d1 Informations  das  plus  utiles  pour  Atayer  las  hypotheses  ratanuaa  aur  oe  point  lora  de 
1 'Alnboratlon  de  models  d»  ce  tyi>s. 

i.nfln  11  convlent  de  no  ter  qua  I'ensamola  daa  protections  de  type  uotll',  c'eat-A-dlre  de  blindages, 
reprAsent.e  pour  COIJCO JUSi  une  pAnalltA  da  masse  da  l'ordre  de  600  Kg,  bn  fait,  compte  tenu  da  toulea  las 
protections  passives  Agalement  adoptAas  at  blen  qu'un  bllan  axaot  aolt  Tort  difficile  a Atabllr,  a 'est  une 
pAnalltA  global#  de  l'ordru  d ' une  tonne  qu'lu  faut  consldArar, 

L' Importance  da  oaa  chiri'res  qul  tradult  uutrw  souei  da  la  ayourltA  aur  ca  point  nous  Impose  da  reoher- 
cher  dos  serf  Herat lone  A catta  situation.  Naturellemant  oacl  conduit  A pouraulvre  las  reoherohes  da  matA- 
rlaux  at  da  conception  da  blindage  plus  afflcacaa.  Mala  almultanAmant  oacl'  cundult  Agalamant  A ravsnlr  A 
l'orlglna  da  ces  phAnomines  et  A aa  da  man da r ai  daa  proiaotlona  adAquates  au  niveau  daa  moteurs  na  aeralant 
pas  an  dAflnltlve  molna  pAnallsantas  au  niveau  global  da  l'apparell. 

LI  da  tallaa  protections  pouvalant  8tre  traduitas  pgr  daa  nodlflaatlona  algnlfloatlvaa  du  modi la  d'Aola- 
tamant,  la  schAmu  propoaA  davralt  alors  parmattra  d'Atabllr  «ur  das  boses  auasl  ratlonnallas  qua  possible 
un  bllan  global  da  la  situation.  Ca  schAma  davralt  done  pcuvolr  as  rAvAlar  8tre  un  lnatrumant  valable  pour 
fairs  prog resser  nos  conceptions  dans  la  Sana  d'una  plus  grande  affloaoitA  at  d'una  meilleure  aAourltA.  Ja 
panse  qu'alors  11  auralt  plalnamant  attaint  bus  objectifs. 
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SUMMARY  I- 

Structural  impact  damage  by  non -contained  angina  burst  debris  has  bacons  of  increasing  Importance 
for  the  alraraft  designer  In  vim  of  the  number  of  aarlous  incidents  to  large  transport  aircraft  recently 
experienced.  This  has  occasioned  the  publication  of  the  new  British  draft  requirements  on  "Non -containment 
of  Turbine  Engine  Debris".  To  date,  the  effect  of  end  resistance  to  such  damage  has  not  at  become  e 
part  of  the  major  design  disciplines.  The  paper  outlines  the  requirements  and  the  specified  acceptable 
levels  of  risk  an  applied  to  a large  subsonic  transport  aircraft.  The  resultant  damage  forma  are  discussed 
and  some  teat  details  given  to  Illustrate  the  problems.  Examples  of  engine  fragment  damage  potentials  are 
given  with  an  empirically  based  aquation  relating  fragment  energy  to  target  reslotunc*  for  light  alloy, 
titanium  and  steel  targets. 

Finally,  two  tyj>?ti  if  design  solution  arc  discussed  as  applied  to  e large  eubsonlc  Jet  transport. 


1 . British  Draft  Alruor’ hlneaa  Requlrementn 

The  problem  of  non -containment  of  engine  burst  debris  became  sigiittaent  to  the  eiroraft  designer 
with  the  Introduction  of  the  gas  turbine  engine.  Recent  experience  of  an  increasing  number  of 
serious  lnoldenta  has  led  to  the  formulation  by  the  CAA  of  paper  No. £1 3 "NON  CONTAINMENT  OF  TURBINE 
ENGINE  DEBRIS".  This  Is  now  In  It's  Draft  Issue  2 form  and  sets  out  the  proposed  requirements  aimed 
at  alleviating  the  disastrous  effects  of  the  resultant  damage.  The  essence  of  the  paper  Is  contained 
In  the  following  extract  I- 

1 .$.  tOGH  ENERGY  ROTOBS  - NON  CONTAINMENT  OF  DEBRIS 

1.5.1.  GADniRBIlft.  PROPULSION  ENGINED  AND  AUP  LI  ART  POWER  UNITS 

Unless  containment  of  debris  is  assured,  design  precautions  shall  be  teken  to  minimise 
the  probability  of  catastrophe  being  caused  by  non  contained  debris  in  the  event  of  an  engine 
rotor  failure. 

The  requirements  go  on  to  emphasise  the  need  for  "maximum  protection"  and  define,  In  rather 
broad  terns,  the  acceptable  levels  of  risk  related  to  selected  debris  forms. 

"Maximum  protection"  entails  (a)  an  analysis  of  tha  complete  A/C  design.  Including  all  essantlal 
components  and  systems  to  establish  tha  single  and  multiple  failures  resulting  frost  non-ooctalment 
w 3.1  ci.  n«/  nit*  oitwirophic  QonswjUindvii  and  (u)  an  iniarpravaiion  of  tha  mnai/iifl  rtiulil  to 
determine  the  ohanees  of  a catastrophe.  The  requlremsnts  list  3 levels  of  risk  as  follows  i- 


Debris  ejeoted 

Acceptable  risk  of 
a resultant 
Catastrophe 

Angular 

Spread" 

TaHoR 

Hess 

(1)  ^^..ftsgynt 

Not  more  then  a 
1 in  30  ohance 

♦ 3° 

Jrd  of 
Bleded  disc 

(11)  Multiple  Fraosants 
3 - jrd  discs. 

Hot  more  than  a 
1 in  10  ohance 

13° 

" each 

(Ill)  Pieces  of  Rim 

isrcoiaaaJTs) 

Not  more  than  a 
1 in  100  chance 

* 5° 

1/1Qth  of 
blodad  disc 

Tha  angular  ejection  probability  la  taken  as  Identical  over  tha  360°  arc  of  rotation  and  the 
debris  trajectory  is  tangential  to  it's  C.G.  radius.  Figure  1 shows  a simplified  Interpretation  for 

one  oese  - denage  to  the  Fuselage. 


Tha  range  of  conditions  to  be  covered  by  the  analysis  includes  tha  following  ■- 


(a)  Da mage  to  Primary  Structure  and  alrfrau  surfaces  (e.g.  loss  of  structural  strength  including 
resultant  deformation  af footing  aircraft  control  or  operational  range) , 

(b)  Damage  to  other  Engines!  Sendees  and  Equipment,  l.s.  flight  and  engine  control  systems,  engine 
fuel  supply  Isolation  valves  and  their  control. 


(c)  Penetration  of  fuel  tanks  leading  to  fire. 

(d)  Effect  of  release  of  large  mass  of  fuel  on  aircraft  handling  characteristics  and  range. 

(e)  Incapacitance  of  flight  crew. 

While  this  suntary  has  covered  requirements  which  are  currently  only  in  draft  form  It  seems 
likely  that  it  does  give  a good  Indication  of  the  type  of  requirements  with  which  the  designer  will 
be  faced.  It  is  apparent  that  soma  formidable  new  problem  are  being  presented  to  the  designer. 


Damage  Korns 


Die  types  of  damage  resulting  from  engine  debris  impact  on  normal  aircraft  structures  at  or 
near  the  penetration  velocity  involve  significant  and  frequently  extensive  deformation,  tearing 
and  splitting  of  the  structure.  One  major  determinant  of  such  effects  is  the  debris  Impact  velocity 
which  can  be  related  to  the  rotational  velocities  of  the  engine  compressor  or  turbine. 

Now  the  blade  tip  velocity  will  rarely  exceed'  1*60  m/3  and  consequently,  a major  fragment,  such 
as  a whole  LP  compressor  blade,  would  have  a CO  translational  velocity  of  approximately  300  m/s . A 
brief  survey  of  the  gas  turbines  in  use  would  show  that  the  impact  velocities  of  such  major  fragments 
generally  range  between  1 50  an  i 300  m/s  while  smaller  fragments  such  as  turbine  blades  nay  reach 
1*00  m/s.  This  suggests  an  ln>  rse  relationship  betwean  dsbris  site  and  Impact  velocity. 

Figure  2 Illustrates  this  relationship. 

Unfortunately,  most  of  the  test  evidence  to  date  is  of  a'  military  origin,  nevertheless  it  is 
significant  that  this  velocity  band  is  shown  to  produce  the  maximum  damage  levels. 

Reference  1 indicates  that  the  maximum  lateral  damage  caused  by  0.3"  and  0.5"  ball  ammunition 
occurs  batween  ,lVj  and  51*0  m/s  depending  on  the  angle  of  impact. 

Reference  2 indicates  that  the  residual  strength  of  a light  alloy  panel  reaches  a minimum  at 
approximately  2r',  m/s  impact  velocity 

Debris  at  velocities  below  150  m/s  will  also,  of  course,  inflict  eignlficant  damage.  Heeently, 
a test  bed  incident  demonstrated  the  need  to  protect  the  engine  Intakes  of  a largo  supersonic  transport 
aircraft  against  impact  by  debris  which  could  be  ejected  forwards  from  the  engine  face  at  Valooltlea 
of  around  60  m/a.  this  debglu  was  in  the  form  of  blades  weighing  up  to  2$  Kg  and,  although  the 
trajectory  was  less  than  JO  to  the  target  plane,  they  penetrated  up  to  3 layers  of  1 .61m  fabricated 
light  alloy  structure  emerging  with  sufficient  residual  velocity  to  damage  structure  outside  of  the 
intake  altogether. 

FI gure  1 shows  the  type  ol'  damage  experienced  on  a typical  specimen  from  the  resultant  test 
program.  The  severe  "petnlllrig"  and  "splitting"  are  clearly  seen. 

As  an  example  of  the  magnitude  of  the  problem  facing  the  designer,  it  is  worth  noting  that  the 
total  number  of  test  firings  required  to  enable  the  above  aircraft  to  meet  the  draft  Issue  1 of  the 
now  requirements  (rather  less  severe  than  the  present  issue  2)  exceeded  150.  "" 

It  is  conceivable  that  if  an  eatabllahed  analytical  method  had  been  available,  a large 
proportion  if  not  all  of  this  tost  program  could  have  been  eliminated. 

At  present  no  generally  applicable  theoretical  approach  has  been  evolved  and,  in  view  of  the 
many  variables  concerned,  such  a technique  may  well  bo  impracticable.  However,  with  increasing 
numbers  of  tests  and  actual  Incidents  soma  derivation  of  empirical  relationship*  should  be  possible, 
which  equate  damage  form  and  extent  to  projectile  size,  orientation,  velocity  and  target  material, 
form,  stiffness  etc. 

Figure  2 lists  the  variables  about  whiuh  data  arc  required.  It  is  unlikely  that  data  collation 
alone  would  provide  sufficient  bases  for  such  relationships.  A program  of  specimen  testing  would 
doubtless  b«  necessary  to  fill  in  the  numerous  gaps  that  must  exist  and  to  define  the  boundaries 
of  the  various  equations. 

One  such  an  equation  has  already  been  derived  from  the  test  program  mentioned  earlier.  This 
is  described  in  the  following  section. 

Fremont  Damago  Pot  stlal^j 

An  Impression  of  the  destructive  capacity  of  the  debris  forms  referred  to  In  the  Feper  Is  given 
by  Fljjurah^  Here  the  fragment  energy  on  impact  is  plotted  against  the  weight  of  target  material 
required  to  contain  the  fragment.  Tho  curves  for  j target  metals  and  2 angles  of  trajectory  are 
drawn  from  the  empirical  relationship  1- 

K,  - L.  T.  t? 

A “5 

Cos  Q 


t * tawrgy  Abu orbed  by  penetration  of  the  target 

L « Periphery  of  thtj  projected  surface  of  the  fra*3n«»t  at  impact.  (AflauTi«<i  constant  at  bQG  mm 

for  tri  viiac^i  and  JgHj  mm  for  rim  piocwa  and  blade)* 

X m Dynamic  yheur  strength  Of  target  material 

t ■ thiokzit*:<j  of  target  (uasuming  the  target  is  u flat  plate)* 

^ * Angle  of  Kru^ncnt  Trajectory  to  the  normal  from  the  target  plane, 

, Sort  test  points  are  included  indicating  that  the  relationahlp  is  good  up  to  an  energy  level 
of  10“  KgM.  Above  this  point  the  massive  fragment  energy  involved  in  tenting  would  entail  a full 
order  of  increase  in  test  rig  complexity  and  coat.  Also  the  problem  of  simply  how  and  to  what  to 
attach  the  amour  assumes  considerable  significance,  the  danger  being  that  such  impact  energies  may 
il  a lodge  the  amour  and  tun.  It  into  an  ejected  "fragment"  in  it's  own  right.  This  could  form  a 
major  part  of  :.uch  « tost  programme*. 

fo  emphasise  the  damage  potential  Of  the  proposed  fragments,  typical  weights  of  heavy  wing 
and  fuselage  surface;:  ar**  indicated  on  the  diagram  giving  some  idea  of  their  respective  energy 
at  sorting  capal  ill tlc.'i  by  rmnling  across  from  the  Light  Alloy  curve:;*  The  resulting  energies  are 
only  approximate  a*r  both  the  curves  mid  the  test  result;,  are  only  concerned  with  flat  plates*  The 
stiffeners  of  the  wing  and  fuselage  (Included  In  the  weight  shown)  may  offer  appreciably  increased 
*r.er,y  absorption  i^e  to  their  depth.  However,  this  does  not  alter  the  general  inference  of  figure  h 
which  la  that  even  two  or  three  layers  of  uur  t structure  is  riot  capable  of  stopping  the  smallest  of 
the  three  debris  fotTW*  broadly  speakinj,  the  designer  i;,  faced  with  a choice  or  combination  of  two 
types  of  solution  i- 

a)  to  avoid  catastrophic  results  by  design  r© -orientation  or 

l)  to  contain  or  b* fleet  the  debris  iron  critical  areas  by  the  use  of  armour* 

>..lgr,  :-olutlor,  (a) 

If  the  aircraft  Is  ::t!ll  in  the  initi  il  <ie:.lgn  stages  the  designer  has  the  ability  to  arrange 
the  alrcral  t layout  to  locate  critical  volume  in  sale  aroas  and  to  ensure  that  the  structures  and 
’•yr tend  are  capable  of  absorbing  damage  resulting  from  a strike  from  u ird  disc  fra©Tierit  to  the 
ntanlarl  lemon  i©  l by  th»;  hequire?,.  nt.  . 

A possible  re.i'ult  of  hi.;  efforts  ta  shown  or*  hlgure  h . Her©  a hypothetical  subsonic  Jet 
transport  i : i/howr.  with  protably  the  wi  lent  range  of  impact  problems  likely  to  be  encountered.  For 
the  sake  of  brevity  we  shall  only  consider  threats  from  the  Wing  mounted  Engines.  First,  the  fuselage 
has  been  giver,  an  upper  baggage  hold  with  emergency  pressure  bulkhead,.  fore  and  aft  spanning  the 
vm  ur.d-r  threat  fror.  th©  fan  and  t or  bine  dines,  A walkway  is  required  with  pr* saure  doors  for 
corr.  w.i^atiori  between  the  two  halves  of  the  passenger  cabin.  To  be  effective  the*  walkway  has  to  be 
closed  for  the  majority  of  prn.i juris*  i flight  thus  cutting  off  the  rear  passengers  from  the  forward 
cabin  an  t cockpit,  'Jhis  assumes  that  (a)  the  damage  occurs  when  th©  fuselage  is  preaaurised  and  (b) 
rapid  decor.prerrion  of  the  fuoelag**  constitutes  a catastrophe.  Experience  to  date  does  indicate  that 
r.ost  line  failures  occur  during  take  off  in  which  case  the  fuse] Age  Is  unpreuouriflud.  To  what  extent 
this  or  b*r  of  j rolar  ility  (when  statistically  evaluated)  will  effect  the  roquirementw  1:.  not  clear. 
However,  th«*  designer  has  also  to  show  that  the  .itructur**  can  support  say,  f>0  b^%  of  proof  loads 

with  a very  large  section  destroyed  in  order  to  achieve  a safe  landing. 

The  Fuselage  case  \ r a;-  shown  by  the  single  fra^ent  diagram  (1)  of  Fig.l.  Here  th©  shell  has 
to  L«  able  to  contain  damage  inflicted  anywhere  in  the  shaded  urea.  A typical  effect  of  a strike  is 
Indicated  on  HgUT'-  h,  The  solution  can  entail  reinforonmunt  of  the  shell  for  agme  distance  fore  and 
aft  of  the  area  under  throat.  The  designer*:]  existing  "Fuil-Gai'o"  design  practice  goes  a considerable 
way  toward.!  -Jet.*  mining  the  required  structure  but  the  extent  of  damage  pornible  far  exceeds  that 
expected  by  a fatigue  lamaged  structure. 

The  behaviour  of  larg**  si  ruiiture:;  under  lull.!  auddonly  iriiictwd  wi th  muaalv«>  damage  1b  hot  yet 
clearly  understood.  While  unalysea  based  upon  fail  safe  experiem.0  can  define  otmtlo  residual 
strengths,  then*-  io  not  Include  tho  effects  of  the  'iynamic  loud  re-distrlbutlona  thut  would  occur. 

It  Is  evident  thut,  >.  full  hcuIc  research  programme  1 - needed  to  (a)  determine  the  full  extent  of 
damage  due  to  n large  rraipv-nt  Including  explosive  dr-cumpriasi.on  if  relevant  and  to  (b)  determine 
the  r.oat  efficient  utructurul  solution. 

I he  wing  struct  *'•■;  lr,  normally  multi  spar,  multi  torque  bo*  construction  and  so  present  lees  of 
» problem  to  the  designer.  Me  must  domonrtrstu,  however,  that  any  charqje  in  the  win«  aeroel.stic 
propertler,  do  not  pine  too  revere  restrictions  on  the  aircraft  opeod  and  handling  charaetc rlstlcs . 

The  fuel  tanks  and  alrnri.lt  oyntemr  rep  re  rent  virtually  tnn  two  ertremer  with  regard  to  possible 
solutions. 

Or.  the  one  hand  it  In  evident  that  fuel  tanks  outside  of  the  accepted  areas  of  risk  cannot 
survive  Impact  by  any  significant  debris  without  .come  protection,  because  of  the  risk  of  fire  or 
explosion.  Therefor*  in  the  context  of  this  donipn  concept  all  hays  under  threat  remain  dry. 

On  the  other  hand,  if  one  system  (including  all  stand-by  versions)  were  to  be  confined  in  the 
minimum  area  of  acceptable  risk,  as  indicated  on  Kig.1 . Diagram  (iii),  then  the  letter  of  the 
requirements  may  he  considered  as  having  been  mot,  that  is  assuming  that  loss  of  the  complete  system 


•M 


Is  cateatrophia . Thii.j,  however-,,  would  contra  vans  ana  of  the  basic  tenets  of  system  multiplication, 

l.s.  dispersal  of  thi-  standby  tpotems  remote  fTosi  the  primary  system.  In  this  case,  the  technique 
would  be  to  locate  trio  ctwnd'cy  system  remote  from  the  primary  system  such  that  a complete  Jrd  disc 
whirling  disaster  could  pass  between  the  two  areas. 

It  is  quite  possible  that  the  majority  .->f  such  aolutions  result  In  weight  or  performence 
penalties.  These  must  be  fully  evaluated  In  order  to  determine  the  viability  of  the  main  alternative 
which  la  the  use  of  armour. 

5.  Desl^ji_SoUiUion_^b^ 

2 

Containing  the  two  debris  forms  of  l'lg.1  requires  armour  weights  of  between  IhO  and  ?.2Q  Kg/m  . 

If  these  can  be  located  close  to  the  ejection  source  their  areas  are  kept  to  e minimum.  Alternatively, 
they  nay  be  located  further  away  but  Inclined  so  as  to  act  more  as  deflectors  than  simply  resisting 
penetration.  Assuming  the  inclination  Is  60°  reduces  the  amour  weights  to  between  70  and  110  Kg/n? , 
The  re  location  may  also  provide  a better  anchorage  for  the  amour  as  Indicated  in  figure  6 which  shows 
the  possible  amour  locations  to  cover  the  Single  fragment  (1)  and  the  Kim  pieoe  and  Blade  (ill). 

The  threatened  erne  related  to  the  Multiple  Fragments  (11)  Is  also  protected  against  strike  by  one 
of  the  fc-d  discs  while  the  probability  of  all  three  Jrd  fragments  striking  this  area  must  be  regarded 
as  virtually  non  existent. 

The  problem  of  holding  the  armour  suggests  tha  use  of  rings  around  the  naoelle  or  Increased 
Internal  stiffening  In  the  airframe.  Either  of  these  will  increase  the  weight  significantly  thus 
requiring  accurate  analyses  to  evaluate  each  scheme  thoroughly.  Evidence  exists  to  show  that  the 
dynamic  strength  of  materials  Is  often  considerably  better  then  their  static  strengths  but  specific 
dati  which  to  base  such  analyses  Is  sparse.  A research  program#  may  be  well  Justified  to  obtain 
sue!  ta. 

There  iu  little  doubt  that  if  a fully  contained  sehara#  can  b«  proved  viable  then  the  end  product 
could  be  e much  more  satisfactory  aircraft  from  tha  operator  view  point.  In  this  context,  the  anaour 
performance  becomes  of  paramount  Importance  and  it  should  be  noted  that  very  little  research  has  yet 
boen  done  to  obtain  essential  data. 

Most  work  to  date  has  been  concerned  with  military  aircraft  subject  to  gunfire  damage  which 
Involves  small  mass,  high  velocity  projectiles  (a.g.  Ref .3).  While  tha  results  may  give  some 
indication  of  the  effects  of  engine  bursts,  the  neoessary  extrapolation  is  so  considerable  as  to 
require  experimental  confirmation. 

In  conclusion.  It  can  be  seen  that  theaa  brief  end  certainly  not  exhaustive  notes  outline  a 
major  extension  of  the  dasipier's  problems  In  the  field  of  Impact  resistance. 
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5,  Prevented  ere:  Date  compilations  on  Aircraft  gee  turbine  engine  rotor  leiluree  that  occurred  lu  U.S. 

commercial  aviation  In  1973;  Che  raeults  of  eaploratory  and  systematic  experimentation  conducted  to  prn- 
,v  vide  design  guidelines  for  Curbine  rotor  buret  fragment  containment;  an  overview  of  the  analytical  effort 

> directed  toward  rotor  fragment  containment  by  the  Haaeachueetts  Institute  of  Technology. 


INTRODUCTION 

>■  A seemingly  irreducible  number  of  uncontained  gas  turbine  engine  rotor  bursts  occur  each  year  in  U.S. 

conmercial  aviation.  The  potential  for  catastrophy  that  can  be  associated  with  theeu  events  Ilss  prompted 

' NASA  to  sponsor  the  Kotor  Burst  Protection  Program.  This  program  was  developed  and  is  being  conducted  by 

! the  Naval  Air  Propulsion  Test  Centsr  in  conjunction  with  the  Massachusetts  Instltutw  of  Teclutology.  The 

’ baric  goal  of  Che  program  la  tu  devulup  criteria  and  data  for  the  design  of  optimum  llpht -weight  devicea 

tint  can  be  used  on  aircraft  to  protect  passengers  end  vitel  parts  of  the  aircraft  structure  from  the 
lethal  and  devastating  fragments  that  are  generated  whan  a gus  turbine  engine  rotor  bursts. 

f, 

y The  intent  of  this  paper  is  to  acquaint  you  with  tha  RUPP  by: 

- Explaining  what  motivates  uu  to  pursue  ciils  effort. 

- Describing  the  teat  facilities  diet  were  developed  and  are  being  used  tu  Implement  the  program. 

- Presenting  some  of  the  experimental  reaults  tiiat  luive  been  produced. 

- Describing  the  MIT  analytical  effort. 

* Motivation  lor  the  RUPP 

I •-  < - ■■  « - — ■ 

Impetus  and  motivation  for  the  KbPP  seems  from  the  statistics  of  the  rotor  failure  situation  or 
problem  in  U.S,  commercial  aviation.  Tha  data  that  will  be  presented  on  this  problem  cones  from  analysis 
of  Flight  Scandal J*  Service  Difficulty  Report*  (SDK)  that  are  published  daily  by  the  Department  of  Trans- 
portation, Federal  Aviation  Admin  in  t rat  ion  (F.A.A.). 

, It  has  b«ttn  mated  that  an  irreducible  number  of  uncontained  rotor  bursts  occur  each  year.  In  fact, 

the  data  shown  In  f inure  1 indicate*  that  01,  the  average  30  uncontained  rotor  buret*  occur  each  year.  A 
more  detailed  presentation  of  the  statistics  on  rutor  burst  for  the  year  1973  are  shown  in  figure  2.  Here, 
the  data  1*  preavnLed  in  term*  of  what  part  of  the  unglue  waa  affected,  and  how  many  rotor  failure*  and 
burnt*  occurred.  A rotor  burnt  being  defined  a*  a failure  that  produced  fragment*.  Theue  data  indicate 
that  17U  rotor  raiLures  were  experienced  in  1973.  Those  failures  accounted  for  approx imatwly  9%  of  the 
2B88  shutdowns  that  were  experienced  by  the  go*  turbine  powered  U.S.  commercial  uircr.tft  fleet.  The  data 
shown  in  figure  further  character  ires  tlie  rotor  buret  problem  by  identifying:  what  type*  of  tregmeiUn 
are  being  genera  ed;  where  In  the  engine  buret*  occur;  and  what  percentage*  of  the  bur*t*  are  "ncontained. 
This  type  of  dati  nerve*  to  eut  ioli«h  where  lu  the  engine  the  burnt  problem*  exist  and  what  type  of  frag- 
ment ha*  th«  moat  potential  for  doing  damage  and  therefore  must  be  protected  against.  Thin  in  a sense 
direct*  our  effort*  *u  tiiat  the  most  critical  aspect*  and  location*  u f the  rotor  burst  problem  era  addressed 
by  the  program.  The  conclusion  that  wt-'ve  drawn  from  these  and  other  more  detailed  data  1*  that  rotor 
burst  in  commercial  aviation  1*  a relatively  sizeable  problem  with  potentially  serioua  consequence*  - at 
stake  1*  the  welfare  and  safety  of  literally  thousand*  of  airiina  paHger.gers. 

The  question  that  w«'ve  addressed  ourselves  to  i*  title:  What  can  H»  done  to  minimize  or  rllniruaLv 

* the  imzarde  and  risk*  that  are  attendant  to  rotor  burst?  A*  we  see  it  there  two  basic  alternatives: 

The  level  of  safety  that  1*  needed  can  be  achieved  either  through  improved  reliability  or  protection. 

We've  chosen  to  pursue  that  goal  which  involves  developing  methods  of  providing  lightweight  protection. 

Thl*  position  has  been  adopted,  because  the  statistics  of  rotor  burst  show  that  some  limit  to  reliability 
has  been  reached  and  we  can  expect  to  experience  some  minimum  number  of  rotor  failures  each  year.  And, 
in  order  to  ensure  safety  some  measure  of  protection  muut  be  provided. 

Tent  Facilities  for  the  KBPF 

From  the  outset,  It  was  recognized  that  extensive  experimentation  and  testing  would  b*»  needed  to  meet 
the  goals  of  the  KBPP.  Meeting  these  goals  would  involve: 

- Characterizing  the  buret  end  fragment  control  processes. 

- Conducting  parametric  studies  to  establish  functional  relationships  between  significant  process 
variables. 

- Evaluating  the  effectiveness  of  various  rotor  burst  protection  devices  and  conf igurat tonu , 

To  accomplish  these  tasks  a Rotor  Spin  Facility  was  designed  and  constructed  at  the  NAPTC.  This 
facility  is  shown  In  figure  4.  It  consists  of  a control  and  data  acquisition  area  which  houses  the  con- 
trol* and  Instrumentation  used  for  teat;  and  a test  area  which  contains  the  spin  chambers  and  auxiliary 
equipment  such  a*  the  vacuum  and  lubrication  pumps. 


io*  : 

- The  facility  lias  two  spin  chamber*.  The  smaller  chamber  can  accom- 

modate rotore  up  to  40  inch**  in  diameter  and  has  ■ working  height  of  32  inch**.  The  large  dumber,  shown 
in  figure  5,  is  comprised  of  a heavy  walled  (1  inch  thick)  vacuus  vassal  that  is  protected  by  a 5 inch 
thick  laminated  steel  inner  Linar.  The  working  apace  in  this  chamber  ie  10  feet  in  diameter  with  a height 
of  b feet..  It  was  designed  to  accommodate  rotora  from  tha  largest  aircraft  engines  Uiat  are  made.  This 
chamber  has  ports  on  its  walls  for  instrumentation  feed-thru  and  optical  access.  Typically  the  rotor  to 
be  burst  is  suspended  vertically  from  an  air  turbine  drive  ototor  which  mounts  on  the  chamber  lid  as  ie 
shown.  A family  of  air  turbine  motors  are  available  to  produce  rotor  speeds  up  to  150000  rpm.  To  minimise 
the  power  required  to  accelerate  the  rotors  to  failure,  the  chamber*  are  evacuated  to  produce  a vacuum  of 
approximately  IS  mm  Kg*  The  main  data  acquisition  systems  used  fur  test,  aside  from  those  used  to  monitor 
facility  operational  variables  such  as  rotor  speed,  chamber  pressure  and  tha  like,  are  the  impact  strain 
measuring  and  high-speed  photo* instrumentation  systems.  The  strain  measuring  system,  which  consists  of 
balanced  bridge  millivolt  signal  conditioning  equipment,  two  dual  beam  oscilloscopes,  and  a 14-channei 
magnetic  tape  recorder  is  used  to  measure  and  record  the  strains  that  are  induced  in  the  containment  and 
deflection  devices  as  a rasult  of  rotor  fragment  impact.  The  high-speed  photo  system  is  comprised  of  a 
continuous  framing  camera  and  photo  lighting  unit.  The  camera  is  capable  of  producing  225  pictures  as  a 
framing  rate  of  15000  frames  per  second.  The  lighting  unit  lias  an  output  of  12  million  beam  candlepover. 
These  are  just  some  of  the  salient  features  of  the  Spin  Facility;  more  detailed  information  can  be  found 

itt  Appendix  2-161 

The  Development  of  Design  Guide lines 

The  experimental  development  of  rotor  fragment  protection  design  guidelines,  which  is  what  this  pro* 
grata  is  all  about,  has  progressed  through  two  distinct  phases.  The  first  phase  Involved  the  conduct  of 
exploratory  tests  that  were  performed  to  determine  viiut  median  ism*  wore  Involved  In  the  rotor  fragment 
containment  and  deflection  processes;  and  also  wo  establish  what  variables  significantly  influenced  these 
processes.  The  second  and  current  phase  involves  the  conduct  of  parametric  experimentation  to  generate 
data  tor  the  design  of  fragment  containment  rings. 

Exploratory  hxpcrinKMit.it ion : During  this  phase  oi  thu  program  rotor  and  blade  containment  tests  were 

conducted  using  rings  made  from  a variety  of  materials.  The  purpose  of  these  tests  w«a  to  gain  some  in- 
sight into  the  processes  and  median Isas  tliut  wore  involved  in  rhe  containment  process.  High-speed  photo- 
instrumentation  was  used  to  record  the  events  that  took  place  during  containment.  The  photographs  produced 
were  analyzed  to  establish  both  irugmeut  and  ring  behavior  during  the  containment  proc?ss. 

1.  Kyjtojr  runtainuynt : In  thce»*  experiments,  turbine  rotors  were  modified  to  burst  into  three  equal 

pie  sector  fragments  at  x predicted  speed  and  Impact  a freely  supported  ring  tlut  encircled  the  rotor. 
Figure  6 through  V show  selected  frames  from  high-speed  photographic  sequences  taken  of  several  rings 
which  urr  in  the  process  of  containing  rotor  fragments.  The  rings  were  mode  from  a variety  of  materials; 

41 10  Steel;  2024-T4  Aluminum;  Ballistic  Nylon;  and  filament  Wuund  Fiberglass.  These  photographic  results 
show  that  the  gross  ring  and  fragment  deformations  are  approximately  the  same  for  all  the  ring  materials 
tested.  The  rotor  fragments  experienced  deformat  lolls  involving  only  the  blades  which  were  curled  and  bent 
while  the  dink  portion  of  the  fragment  remained  intact  and  suffered  no  apparent  deformation.  Frame- to- 

f rame  analysis  of  the  [ regiment  displacements  recorded  by  the  high-speed  photographs  revealed  that  the  time 
th.it  it  took  bl-id«  deformations  to  occur  wes  approximately  the  ease  regardless  of  the  ring  material  used, 
and  varied  only  with  burst  speed.  Blade  deformation  times  became  shorter  as  burst  speed  was  increased. 

The  rings  were  displaced  and  d<f formed  to  generate  the  typical  three  inbed  pattern  associated  with 
J-fragment  bursts;  this  is  well  illustrated  in  the  high-speed  photographs. 

In  all  cases  large  displacements  and  deformations  of  the  ring  did  not  occur  until  fragment  blade 
deformation  was  almost  completed.  This  indicated  that  relatively  small  force  ire  generated  by  the  blade 
deformation  which  occurs  during  the  initial  stages  of  containment,  based  or  see  results  some  important 
observations  were  nude: 

- The  rotor  fragment  blades  in  their  deformation  do  not  substantially  absorb  much  of  the  fragment 
energy  that  must  be  dissipated  during  containment. 

- The  blades  by  virtue  of  their  length  and  mass  distribution  serve  oi.'v  to  prescribe  tha  location 
of  the  fragment  cantor  of  maes  and  the  radial  distance  through  which  the  non-dc i ormable  hub  mass  must 
traval  during  the  initial  stages  of  containment . These  factors  influence  the  trajectory  and  orientation 
of  the  fragment  during  the  latter  stages  of  containment  when  pronounced  ring  displacements  And  stresses 
are  Induced. 

- Because  the  blades  deform  so  readily,  radial  cK. trance  effects  are  minimised.  Differences  in 
rotor-to-casing  radial  clearances  between  experiment  and  actual  turbomachine  construction  arc  small  com- 
pared to  the  blade  length.  Therefore,  the  ring  and  fragment  behavior  observed  during  experiments  using 
radial  clearances  as  large  as  0.5  Inches  would  be  representative  of  the  bcliavior  that  could  be  expected 
In  an  engine  whore  rotor- to- ens ing  clearances  »r«  measured  in  thousandths  of  an  inch. 

2.  Rotor  blade  Containment : In  these  experiments,  blades  from  turbine  rotors  were  modified  to  fail 

and  impact  containment  rings  made  from  6061  (T6)  and  2024  (T4)  aluminum.  Tv>>  types  of  rotor  blade  con- 
tainment experiments  of  Interest  were  conducted. 

- Single  blade  bursts  in  which  one  blade  mounted  on  a rotor  disk  was  modified  to  fail  and  produce 
a blade  fragment. 

- Single  blade  bursts  in  which  one  blade  in  a fully  bladed  rotor  was  modified  to  fail. 

These  blade  burst  experiments  were  conducted  to  study  the  blade  and  ring  interactions  and  deform- 
ations during  the  containment  process. 
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The  results  of  representative  blade-t ragment  containment  experiments,  which  are  in  tha  fora  of 
high-speed  photographs,  ara  shown  In  Flguraa  10  and  11. 

Figure  10  depicts  the  sequence  of  evsnts  that  occur  whan  an  isolated  blada  la  containad  by  a fraaly 
supported  ring  whosa  thickness  is  rapraaantatlva  of  an  angina  casing.  Tha  ring  deformation  is  sean  to  ba 
local  and  ext anal vs.  The  blade  was  deformed  in  a curling  manner  charactarlstlc  of  turblna  blades.  Figure 

II  shows  tha  sequence  of  events  that  occur  whan  a blade  fro*  a rotor  falls,  lapacta  a casing,  and  Interacts 
with  tha  blades  regaining  on  tha  rotor.  Initially  ring  dafomatlon  resembles  that  produced  by  tha  ieolated 
blade  burst.  This  is  reasonable  bacauaa  tits  rings  used  and  the  buret  spaada  ars  tha  aaaa  for  each  expert- 
sent,  But  sa  tins  progresses.  Increasing  Interaction  of  tha  blade  fragrant  with  the  other  blades  la  observed 
and  a failure  of  tha  rtng  occurs.  This  conparlaon  provides  evidence  that  greater  forcaa  and  energy  transfers 
are  Induced  by  blade  interact  foil  and  clearly  Indicates  that  the  noaenlua  lnpartad  to  tha  blada  f regnant  by 
other  blades  In  the  rotor  adds  measurably  to  its  destructive  potential.  This  lnpartad  energy  or  anaantun 
nust  be  considered  in  any  design  analysis  for  blada  containment  rings  or  angina  caainga. 

Rotor  Fragment  Deflection  Devices 

Protecting  an  aircraft  Iron  rotor  tragswni  attack  through  the  use  of  partial  rings,  which  would  aarve 
to  redirect  fragment  to  less  sensitive  and  vulnerable  areas  of  the  aircraft,  la  an  attractive  concept, 
since  it  premises  considerable  weight  savings  over  complete  ring  syatens  which  are  designed  to  capture  or 
contain  the  iragnente.  Two  significant  experinente  have  bean  conducted  to  axaBina  the  feasibility  of  this 
concept  snJ  to  study  the  secliantcs  that  are  involved  in  the  deflection  process.  For  tha  first  exparlaaat, 
two  halt-rings  ut  equal  size  and  weight  were  installed  around  a turblna  that  was  isodlflsd  to  burst  in  half. 
Due  lulf-ring  was  welded  to  u rigid  mount  at  one  end;  tlie  other  end  wee  free  of  any  attachment  (hinged 
section).  1 he  otiier  halt -ring  was  welded  to  rigid  mounts  at  both  ends  (fixed).  This  arrangcMent  Bade  It 
possible  to  observe  and  evaluate  the  behavior  of  two  different  deflvction  ring  configurations  durir-  "no 
experiment . 

The  objectives  of  this  experlsient  were  to  exaaine  the  feasibility  of  using  a half-ring  to  control  tha 
trajectory  ot  a rotor  frsgaent  and  to  establish  what  aethud  of  half-ring  attachaent  would  be  Boat  effective 
(or  fragment  del  lection  purposes.  Selected  high-speed  photographs  taken  during  tha  axparlaant  ara  presented 
in  Figure  11.  They  allow  that  tlui  rotor  Iragment*  lapse  ted  tha  half-rings  close  to  their  points  of  attach- 
ment; tills  laps  I t condition  was  considered  to  be  tlie  worst  possible,  and  therefore,  provided  a rigorous 
test  ot  low  well  - lie  halt-ring*  functioned  as  fragment  deflection  devices. 

Tlie  fixed  halt -ring  experienced  t.il  lures  near  the  points  of  attachaent  soon  after  impact.  Tha  fragasnt 
did  not,  a>*  might  he  expected,  enter  (tie  “protected  region"  as  a reault  of  tlieaa  failures.  Instead  tha 
fragment  continued  to  Interact  with  lice  freed  ring  section  and  movad  along  vital  could  ba  considered  a aafa 
tra  )ec lory . 

Tbs-  "hinged"  lcilt-ring  behaved  as  anticipated:  A plastic  hinge  foraed  closs  to  tha  altachSMnt  point 

at  impact.  Tlie  lull -ring  pivoted  about  tills  point,  while  It  guided  the  fragment  over  Its  Inner  surface 
along  a sate,  controlled  tr.. lector y away  from  tlie  prutectaj  region. 

Tlie  mounts  lor  both  halt-ringx  failed  during  the  Iragaant  Interaction.  The  results  ot  this  axparlaant 
demonstrate  conclusively  that  lull  I -rings  can  be  used  to  provide  suitable  fragment  trajectory  control  or 
deflection.  However,  the  "hinged"  halt-ring  appeared  t"  function  aura  effectively.  In  addition.  It  repre- 
sented a lower  weight  and  less  complex  coni  iguralion.  Thu  second  axparlaant  warn  similar  to  tha  first  Invol- 
ving the  same  type  of  modified  rotor  and  two  steel  hall -rings.  Howevar,  tha  half-rings  ware  of  different 
weight  (one  weighing  approximately  twice  tin-  otiier),  and  they  were  freely  suspended  rather  than  being  fixed 
at  OIU  or  both  of  their  end  points.  Tlie  objective  of  this  experiment  was  to  datsnaine  It  tha  Inertia  of 
a half-ring  alone  would  provide  tha  constraint  needed  to  control  tha  fragment  trajectory.  The  half-ring 
weights  were  different  to  provide  dlilurvul  Inertial  responses  to  loped,  he  1 acted  high-speed  photographs 

III  tills  experiment  .ire  presented  ill  Figure  11.  They  sliow  tliat  the  fragments  struck  tlie  half-rings  at 
points  considered  to  tie  optimal  for  the  evaluation  of  tlielr  trajectory  control  capabilities. 

Tlie  lighter  or  thinner  of  the  two  loll!  -rings  (both  lialf- rings  had  tha  same  internal  diameter  and  axial 
length)  deformed  considerably  during  the  Impact  process  and  offered  almost  negligible  resistance  to  frag- 
ment tr.inxljtlon.il  motion.  As  a result  the  fragment  noved  with  considerable  energy  into  tha  region  thet 
was  to  he  protected  by  the  half-ring. 

The  heavier  lc.  If -ring  wan  also  deformed  during  Impact  but  not  to  tha  aaae  axtant  as  tlie  thin  Half-ring. 
Fragment  tranelat tonal  motion  was  someiwlwit  arrested  as  a result  of  tlie  lntsrsctlon,  but  tha  course  of  tha 
fragment  was  not  controlled.  Like  tlie  otiier  fragment,  it  too  moved  Into  tha  region  to  ba  protected. 

UiNCU.'S  IONS 

Hej^oril ln_£  the  Rotor  ho rst _F r«gm* nt.  Cont.i lnaent  Process: 

- In  a containment  situation  Involving  fragments  from  a typical  axial  flow  turboaachlae  rotor, 
blade  deformation  constitutes  almost  all  ni  tiia  fragment  deformation  that  occurs;  tha  bub  or  disk  portion 
ol  the  fragment  beituves  as  a rigid  non-defuravible  body  that  causes  distortion  of  tha  containment  ring. 

The  forces  needed  to  deforn  the  blades  are  relatively  small,  as  sra  tha  aaarglss  absorbed  by  their  deform- 
ation. Therefore , the  blades  on  a rotor  fragment  do  not  significantly  Influence  the  distribution  of  the 
impact  loads  tliat  are  induced  in  a ring  (provided  ths  ring  thickness  approaches  that  required  to  affect 
i ontalnment  and  the  fragment  huh  to  blades  mass  ratio  Is  large),  nor  do  the  blades  absorb  significant 
amounts  of  energy  through  their  defnrsmtlon  during  the  containment  process.  Tha  blades  serve  omly  to  In- 
fluence the  fragment  trajectory  during  tha  Initial  stages  or  Impact.  This  also  manna  that  In  cases  where 
tlie  rotor  llp-lu-ring  clearance  i:i  small  (test  or  operational  clearances)  the  blada  radial  length  bocosMS 
tn  elicit  the  radial  clearance  that  lull  II  e nr  CM  the  orientation  of  tha  hub  or  disk  portion  of  the  fragment. 

- Tlie  amount  of  blade  deformation  sustained  by  tha  rotor  fragswnto  during  containment  appears  to 
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b«  Independent  of  th«  hardness  of  the  containment  ring  Material.  At  equivalent  buret  speeds  oof t and  hard 
Materlale  alike  ceuee  the  some  type  eud  degree  of  blade  deformation. 

- The  general  displacement  and  deformation  cbaracterletlca  of  containment  rlnge,  optlnally  designed 
fur  weight  reduction  and  subjected  to  rotor  fraguent  attack,  do  not  aigntf Icaatly  vary  fur  rings  Made  Iron 
Materials  having  a vide  rang!  of  strengths  and  ductilities.  Thu  ring  distorts  to  conform  to  the  shape  of 
the  undeforaed  disk  portion  of  the  rotor  fragment.  The  washer  of  ring  distortion  sites  is  equal  to  twice 
the  nuabar  of  fragnents  attacking  the  containeent  ring.  The  Magnitude  of  rlug  distortion,  and  the  tine  it 
takes  for  these  distortions  to  dsvslop  dspende  on  the  ring  e-.ee.  Material  strength,  thickness  or  stiffness, 
and  the  speed  of  the  fragments  at  impact. 

- The  variables  tliat  appear  to  affect  tits  containment  process  swat  significantly  are; 

t 1 ) The  buret  speed 
t - > The  number  »|  fragments 

(1)  Tlte  blade  tlp-tu-hub  diameter  ratio  of  the  rotor  Iragac’iils 
(v)  The  ring  lengtli-tu-tliickneaa  ratio 
<i)  The  ring  diameter 
(n)  The  ring  material 

Regarding  the  Kotor  burst  fragment  Deflection : 

- Kotor  fragnents  can  he  effectively  deflected  (their  trajectories  controlled)  through  tile  use  of 
partisl  rings  of  res  solvable  weight. 


Parametric  Easier _lrentat  ion j The  parametric  rotor  fragment  containment  esperiswntation  evolved  from 
the  exploratory  taatlng,  whit li  provided  an  understanding  of  laiw  certain  Variablaa  significantly  lnfluancnd 
the  rotor  fragment  containnent  process.  The  goal  of  f he  parametric  study  is  to  esperimentaily  derive  data 
tliat  will  provide  empirical  guidelines  for  rotor  fragment  containment  rlug  design.  The  approach  taken  le 
to  establish  a functional  rslstionshlp  etween  a msasurs  of  rina  containment  capability  and  tlia  variables 
that  clu  .cla rise  the  rotor  and  ring,  aid  significantly  influence  the  containment  process.  These  relation- 
ships, once  established,  will  be  the  empirical  guidelines  needed  for  containment  ring  design. 

The  significant  variables  for  fragment  cuutalfuaent,  as  determined  through  esperimental  observation  orei 


Kotor:  Disaster 

Length 

T ip-to-hub-rat  to 
Height / inert  la 


Speed 

Hater  lei 

Number  end  type  of 
fragmerta 


King:  Diameter 

Kmdlsl  thickness 


Axial  length 
Material 


for  purposes  ot  developing  the  design  guidelines  and  the  test  scheme  needed  to  generate  these  guidelines, 
a dependent  varieble  wee  formulated  which  meeeurea  the  containment  capability  of  the  ring.  This  variable 
wea  called  the  specific  contained  fragment  energy  (SCl'E)  and  le  derlvsd  »y  dividing  the  rotor  energy  at 
buret  bv  the  weight  of  the  ring  required  to  contain  this  fragment  energy.  This  variable  le  a combination 
of  severe!  of  the  significant  variablaa,  namely:  The  rotor  ease  Inertia  and  speed;  and  a gross  descrip- 

tion of  the  rlug  in  terms  of  its  weight.  The  remaining  significant  variables  become  Independent  or  experl 
mental  variables;  that  la,  factors  that  are  varied  from  test  to  test  to  determine  what  Influence  these 
variations  have  un  die  containment  capability  ol  a ring. 

The  four  rlug  anri  rotor  variables,  which  ere  being  varied  to  determine  how  they  affect  the  containment 
potential  or  characteristic  of  the  ring  (as  measured  by  the  SLID,  are: 

- The  ring  inner  diameter:  Two  dlaatetere,  one  approximately  twice  as  large  as  the  other  (11.64  and 

IS  Inches),  are  being  uced  tor  experimentation  with  rotors  having  correspondingly  larger  and  smaller  tip 
diameters  (engine  turbine  rotors  having  tip  diameters  of  30.64  and  14  inches,  respectively). 

- The  ring  asial  length:  Three  aslal  lengths  are  being  used  corresponding  to  1/2.  1 and  2 times  the 

axial  lengths  of  the  large  and  ssali  diameter  rotors  (1.23  and  1 Inch,  respectively). 

- i.m  number  «f  rotor  fragments  generated  at  failure:  The  rotors  are  modified  to  fail  at  their  re- 
spective design  speed*  end  produce  pie-sector  glia  pad  fragments  having  included  angles  of  60*,  90*,  120* 
and  190*.  These  are  designated  at  6,  4r  i and  2-lragmant  rotor  failures,  respectively. 

- Tlia  ring  raiiel  thicknene  or  outer  diameter:  The  ring  thickness  le  being  varied  until  fr  nt 
containment  le  schlvved  for  all  combinatluna  of  ring  (rotor)  diameter,  ring  exlal  length,  and  to.  nuir.be  r 
of  rotor  fragments. 

otlier  factors  which  will.  In  some  way.  Influence  the  Magnitude  and  orientation  of  the  forces  that  arc 
developed  and  the  deformations  and  displacements  that  are  sustained*  by  the  ring  and  rotor  during  contain- 
ment Interaction  are: 


- The  mechanical  properties  of  the  rotor  and  ring  sut trials. 

- The  fragment  velocities. 

- Thu  rotor-to-ring  radial  clearance. 

- The  rccor-to-hub  diameter  ratio. 


St 
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However,  with  tha  exception  ot  the  ring  material,  the  variability  ot  theee  factora  la  constrained  with* 
In  narrow  Halt  a by  the  dictate*  of  g»od  aerodynamic,  thermodynamic  and  structural  rotor  deaign.  For  all 
practical  purpose*  than,  thaea  factor*  are  eaaontlally  conatant  from  one  turbomachln*  to  another;  therelore, 
Uiera  la  no  need  to  vary  them  In  the  experiment*  being  conducted. 

Although  the  mechanical  propertlea  ot  the  material*  uaad  to  male*  the  containment  rlngn  can  vary  widely 
and  are  conaldered  to  be  Important  factor*  In  fragment  containment  deaign,  the  ring  material  being  uaad 
for  the  caper  leant  a concurrently  being  conducted  are  purpo»#ly  the  earn*  from  on*  experiment  to  the  other. 
Later,  when  the  effect*  of  the  other  variable*  have  been  eatabl iahed , the  influence  that  tlia  ring  material 
mecnauical  propertlea  lie*  on  the  fragment  containment  proceea  will  be  etudied  and  Incorporated  Into  t la 
mein  body  o(  Information  that  reprvaent*  the  guidelines  for  containment  ring  design. 

Synopsis : The  parametric  atudy  cone late  ot  a asrla*  of  rotor  burst  containment  experiments  in  which 
rotor*  of  two  dll f crept  diameter*  are  mudlfiad  to  burat  at  their  respective  design  speed*  Into  vsrloue 
numbers  (.’.  i,  4 and  0)  ot  pie-sector  fragments.  Thaa*  fragments  Impact  ring*  made  from  4130  cast  steal 
that  are  f-'-.l.  exported  and  concentrically  encircle  the  tutors  at  a radial  claarancs  of  0.5  inches. 

Die  ring  axial  length*  are  varied  In  three  discrete  steps  of  1/2,  1 and  2 times  th*  axial  length  of  the 
rotor*  aud  their  radial  thicknesses  are  varied  until  fragment  contalnurnt  t*  achieved. 

Conceptually  the  rvlat  loushlp  and  t liar*  I ore  tha  dsalgu  guidelines  developed  through  experiment  could 
take  the  form  shown  in  t lgur*  14.  Her*  tint  JiL'Ft  1*  plotted  against  the  number  of  pie  sector  fragments 
generated  at  burat  and  th*  ring/rotor  diameter.  The  rutur  to  ring  axial  length  ratio  '»  th*  parameter. 

The  u**  of  these  functional  relationship  curve*  to  design  an  optimum  weight  steal  ring  fur  a particular 
rotor  application  can  be  described  as  follows: 

- Only  two  tiling*  must  be  known  about  tha  rotor  pi  lor  to  t lie  deaign  analysis; 

(11  The  kinetic  energy  (Ebj,)  content  at  burst. 

(2)  The  else  including  tip  diameter,  axial  length,  and  hub-to-tlp  dlamrtrr  ratio. 

Th*  functional  relationship*  between  St.'FK,  the  number  of  fragments  and  rotor  diameter  with  the  ratio 
or'  th*  ring  axial  length  to  tl>*  rotor  axial  length  it*  the  parameter,  provide  an  Indication  of  wliat  tha 
worst  comblnal lou  »t  burst  > ondition*  would  be  tor  the  Hire  rotor  being  considered;  1.#.,  the  lowest  St  Kb. 
Once  tlw  value  ot  SCFt  la  obtained  from  the  curves.  It  is  divided  Into  the  total  energy  of  the  rotor  at 
burst.  The  result  ot  this  division  Is  the  optimum  weight  of  steel  ring  required  to  contain  the  rotor 
fragment*. 

(11  Wt  - Kt,, 

so:; 


This  weight  is  uaad  in  aquation  (2)  to  calculate  the  radial  thick. .cs*  required  to  effect  containment. 

S 

- *1 

Where: 

T • ring  radial  thickness. 

rt  * ring  Inner  radtue,  which  ior  pr.'.rt  leal  purposes,  equals  th*  rotor  radius:  Hotor-to-cealng 

operational  clearance*  and  considers! Ion*  of  e<nimuu.  ring  weight  (the  weight  of  a ring 
In  directly  proportional  to  th*  square  of  it*  inner  radius)  dictate  that  tha  ring  and 
rutor  radius  be  as  equivalent  a*  possible. 

LIU.  • ring  salal  length. 

KKK  • rotor  energy  at  buret. 

5CFE  - Specific  Contained  Fragment  energy  factor:  The  value  taken  from  th*  curve  in  Figure  14 

tor  the  *lr*  rotor  being  conaldered;  the  number  of  rotur  fragments  that  result  In  the 
moat  advert*  containment  condition  (th*  li.wset  SCFE  value  In  tha  SCFE-NF  plane);  end 
the  optimum  rfng-co-rutur  axial  length  ratio  (UiL/LKT)  which  Is  represented  by  the 
highest  contour  in  Figure  14, 

This  general  development  and  explanation  of  th*  date  Illustrate*  how  the  experimental  result*  are  to 
be  ue*d  by  deeignere  to  establish  th*  weight  and  els*  of  rings  needed  to  contain  rotor  burst  fragments. 

Analytical  Effort 

As  part  of  NASA's  long  range  plan  to  provide  design  guidelines  for  rotor  fragment  containment  and 
control,  the  Nessachusetta  Institute  of  Technology  (HIT)  has  beau  developing  models  aad  method*  that  will 
be  used  to  predict  th*  tranale.it  response  of  rotor  fragment  centalnmont  and  control  devices.  Tha  NAFTC 
la  providing  experimental  support  for  this  activity.  Tha  objective  of  tha  NIT  effort  la  to  provide  desig- 
ner* In  industry  with  th*  analytical  tools  that  are  needed  tc  develop  optlmua  contalmeant /control  devices. 
The  accomplishment*  of  the  HIT  Aeroelietlc  and  Structures  Kassarcb  Laboratory  to  date  include: 

- A computer  program,  JET  1 (NASA  CR-107900)  to  predict  tha  large  deflection,  elastic-plastic  trans- 
ient response  of  a single  layer  ring  subjected  to  a prescribed  distribution  and  time  history  of  Initial 
velocity  and/or  external  forcing  function  that  simulates  roughly  the  forces  applied  to  tha  "containment 
ring"  from  a single-blade  impact. 

- A similar  program,  JET  2 (NASA  C1-72HU1),  that  treat*  mllti-layer,  multi-material,  but  Isothermal 
rings.  In  this  program,  » mors  general  description  of  prescribed  externally  applied  mechanical  force*  is 
provldsd  for  the  user. 
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' The  JET  3 program,  a aura  versatile  program  than  chess  previously  mentioned  that  permits  predictions 
of  large -da fleet ion  elastic-plastic  traaalmt  responses  of  single  layer.  variable  thickness  complete  end 
partial  rings  that  ara  fraa  or  supported  to  varloua  ways.  This  program  takaa  into  account  various  pre- 
scribed Initial  velocity  distributions  and/or  transient  externally  applied  loada. 

' A collision  Imparted  velocity  mithod  (CIVH)  that  la  combined  with  one  of  the  versions  of  the  JET  3 
program  to  produce  the  computer  code  C1VN-JET  4A  (NASA  CR-114494).  Thin  program  permits  the  analyses  of 
containment  rings  or  deflector  response  to  lnpact  street  from  1 to  6 fragments  each  having  its  own  mass, 
mass  moment  of  Inertia,  sisa,  rotational  velocity  and  translational  velocity.  Work  la  presently  underway 
to  modify  this  coda  with  an  1st  roved  Impact  subroutine,  accommodation  of  ring  support  brackets  and  branches, 
and  a more  comprehensive  strslr -displacement  description.  Tills  Improved  version  is  called  the  CIVH- JET  41 
Coda,  and  will  be  published  In  the  fall  of  19/3. 


The  JET  aeries  coegmter  programs  have  bean  and  ara  being  used  by  industry  for  material  screening  and 
In  support  of  parametric  studies  concerning  the  fragment  containment  deflection  problem.  A detailed  descrip- 
tion of  these  codas  la  given  In  Appendix  1.  A list  of  published  technical  reports  and  papers  that  hsv* 
resulted  from  the  analytical  and  experimental  work  la  given  In  Appendix  2. 


I would  like  to  thank  Messrs.  S.  Weiss,  R.  Siewert  and  A.  Holms  n(  Aerospace  Safety  Research  and 
Data  Institute  (ASKD1J,  KARA/ Lewis,  and  Dr . E.  Witmer  of  Massachusetts  Institute  of  Technology  for  their 
help  and  directiun  in  preparing  this  paper  and  for  their  support  of  the  Kotor  Burst  Protection  Program. 
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SWfUMY  Of  TUI  LATAJILITUS  OF  m ClSMTUTEJl  COSES  JET  1,  JET  2*  AMU  JET  3 
»'0«  PEEP  1CT  l Ml  TVO-DiMEMSlOMAL  TEAMS  I KMT  KESIKJMSES  OF  KIML  S7IDC  HIRES 

This  append  lx  is  intended  tu  provide  fur  tU*  r wades  a loav«q1iqi  tabular  aumaury  of  th*  principal 
2«*tures  and  capabil  it l«*  ot  th«  twu-d imaualooal  transient  largs-del i»ct  lam  elastic-?  last ic  strictural 
response  ring  coda*  JET  1 (K*(.  lb),  JET  2 (Ret.  lb),  and  JET  1A-JD  <E*f.  24)  developed  uadar  NASA  MCE 
22-OOV-jjy.  The  present  code  t.’IVN- JE1 -4A  ha*  bean  developed  bv  cuobioln^  CIVH  pr  adwre  with  « mod- 
version  ui  Um  JET  JC  two-dimensional  utiuttural  response  cod*. 

The  JET  1 code  ut  Rei.  lb  pertains  to  single- laVer  complete,  un  Worm-tblckne**,  lnltl*lly-c  ircular 
r 1 ng*  ot  sither  temperature -independent  ul  temperaiui v-depeudeut  material  properties.  These  rings  me/ 
t>«  subjected  to  procrlbaj  ? la)  Initial  velocities,  (b)  transient  *•  domical  lo*dlug»  and/or  (t)  staady 
(lonunitum  legislatures.  The  I in It  e-dltty rence  metis*!  employed  in  tnl*  cud*  had  beer  sluiwn  previously 
(Rat.  12)  tu  provide  reliable  prediction*  tor  Om  case  ut  temperature- Independent  Material  properties. 

The  JET  m coda  mm  written  lu  order  tu  extend  this  t lnlte-dlt  ference  analysis  capability  to  treat 
multilayer  rings  --  case*  anticipated  tu  ba  ut  future  concern.  In  the  int areata  *»t  efficiency  and  tlur 
minim  Wot  ion  ut  v‘>afut«r  storage  requi  remelit* . t wfcpers Lure -dependent  Material  properties?  aiai  l thermal  loading 
features  ware  omitted  true  JE1  2;  it  these  omitted  taaturaa  should  turn  out  to  be  needed  urgently  (but  thin, 
thua  tar,  he*  nut  beau  lit«  caaa),  tlcey  could  be  added  later. 

Silica  the  JET  i and  JET  2 code*  pertained  to  in  1 1 lal  iy-c  irculer , complete  ring*  ot  uniform  thickness 
wiieieuu  there  waa  interest  aiau  in  Var iable-thic  kites* , arbitrarily  curved,  partial  a*  well  *•  complete 
rings,  the  JET  J aeriea  ut  code*  was  developed.  To  at  commodate  theaa  latter  feature*  aa  well  aa  a variety 
ot  type*  ut  (j;  bouiulary  condition*,  (2)  elaat  ic -founds!  ion  aupporta,  and  (J)  point  elastic  supports,  the 
mure  versatile  l init e-el ej»«nt  analysis  procedure  waa  developed  and  employed.  For  etticiencv  and  user 
convenience,  lour  versions  of  Lite  JET  I program  weie  developed;  each  version  ac commodates  both  complete 
ting*  *nJ  partial  ring*.  JET  iA  and  JET  IB  pertain  to  uniform-thickness,  in  It ial ly-c ircular  rings,  and 
employ,  respectively,  the  cent  ral-di  1 1 vrenc  e and  l l*e  Hnubolt  I ini  le-dli  terence  time  operator;  tor  certain 
cases,  the  latter  f in  ilvdit  I * relic  e lime  operator  mav  permit  mure  economic  converged  transient  response 
predictions  ilwn  the  former.  The  codes  JET  h and  JEI  lb  are  corresponding  codes  whUh  accommodate  vari- 
able-thic  kn«M>, , arbitrar iiy-c urved  ring*. 

In  all  of  these  code*  (JET  1 through  Jl.T  ID),  the  stimuli:  (1)  initial  velocity  or  impulse  conditions 

and/or  12)  transient  mechanical  loading  must  be  preHctibed  bv  the  user  or  aualvst.  The  external lv-appl led 
force*  experienced  bv  a complete  or  a partial  ring  from  fragment  impact  are  not  provided  within  these  cods*, 
like  user  must  supply  his  own  estimate  ot  the  distribution  and  time  histories  of  thr?ae  forces,  However,  In 
the  c I VM- JET  - -*A  code,  f r sgmen  t / r i ng  interaction  and  response  effect*  are  handled  internally  automat  ically  , 
for  the  ideal  Wed  * ingle- 1 cagbent  and  u-fragwent  cases  provided  *»nd  discussed  in  Appendix  A. 

In  convenient  tabular  fora,  the  principal  features  and  capabilities  of  tlur  code*  JET  1,  JET  2,  and 
JET  M-ib  are  given  in  the  following: 


IH  1 
(Ret  . IhJ 


;n  2 JET  ia  n r >*  j:t  ic;  jet  3d 

(lht  ■ lb)  IKet.  24)  ( Ue  ‘ . 24)  (Kef.  24)  (Ref.  24) 


Type  ot  Spatial 

Analysis  Eormulat  1-ut 
Finite  bit terence  . 
Finite  Element 

Type  of  Einile-Dl f 1 ereu«.e 

lime  Operator 

(.entral  Difference 
Moubolt  (backward 
Dlt f eredee) 

K inj^  (jmtMmmt  r^ 
rormplete  King 
Partial  King 
I n 1 1 ia_l_  l-onf  ij^u rat  i« *n 
«.ir<  uiar 
Arb.  Lurved 
Constant  Thic  kne*x 
Variable  Thickness 
Single  Layer 
Mult i layer  Hard-Bundsd 
(1  to  ) layers) 

boundary  (.ond  i t i<>ns 
Ideally  (.lamped 
hinged  Fixed 
Sysmet ry 
Free 

Other  Su^M.rt  UxuHtions 
Distributed  Elastic 
Founds t luu 

l'*»lnt  Elastic  Springs 


io;: 


Feature 

JET  1 

JET  2 

JET  3A 

JET  3B 

JET  3C 

JET  3D 

Material 

Single  Material 

X 

_ 

X 

X 

X 

X 

Different  for  Each  Layer 

- 

X 

- 

“ 

Homogeneous 

X 

X 

X 

X 

X 

X 

Initially  Isotropic 

X 

X 

X 

X 

X 

X 

Temperature  Independent 

X 

X 

X 

X 

X 

X 

Temperature  Dependent 

X 

- 

“ 

— 

EL 

X 

X 

X 

X 

X 

X 

EL-PP 

X 

X 

X 

X 

X 

X 

EL-LSH 

X 

X 

X 

X 

X 

X 

EL-SH 

X 

X 

X 

X 

X 

X 

EL-SH-SH 

X 

X 

X 

X 

X 

X 

Stimuli 

Initial  Velocity 
Arbitrary 

X 

X 

X 

X 

X 

X 

Half-Sine  over  each 
of  Selected  Region* 

X 

X 

X 

X 

X 

X 

Mechanical  Loading 
Arbitrary  Spatial 
Distribution  with 
Arb.  Time  Hlsto-y 

X 

X 

X 

X 

X 

Half-Sine  over  each 
of  Selected  Region* 

X 

X 

X 

X 

X 

X 

Triangular  Time 
Hintorv 

X 

X 

X 

X 

X 

X 

Arbitrary  Time 
History 

- 

X 

X 

X 

X 

X 

Thermal  Loads  (Temp. 
Distribution) 

Distribution  Thru 
Thickness 

X 

T ime- Independent 
Prescribed  Circum- 
ferential Dlatrlbutlun 

X 

_ 

_ 

- 

- 

- 

Def  o nations : Klrchhoff 

type  Only 
Small 

X 

X 

X 

X 

X 

X 

Arbitrarily  Large 

X 

X 

X 

X 

X 

X 

orrm  information 

At  Selected  Tine* 

Energy /Work  Type  and  Amount 

X 

X 

X 

X 

X 

X 

Nodal  Station  Data 
Location*  )\  Z 

X 

X 

X 

X 

X 

X 

Displacements 

■ 

- 

X 

X 

X 

X 

Moment  Revultanl 

X 

X 

X 

X 

X 

X 

Clrcun.  Force  Resultant 

X 

X 

X 

X 

X 

X 

^ Circumferential  Strain* 
Inner  Surf. ice 

X 

X 

X 

X 

X 

X 

Outer  Surface 

X 

X 

X 

X 

X 

X 

Location  where  Prescribed 
Value  is  Exceeded 

- 

X 

X 

X 

X 

X 

At  (.ertain  Other  Times 
Time  of  First  Yielding 

X 

X 

_ 

. 

Time  vheti  St r jin  Fir*t  Exceed* 
.1  Prescribed  V.iiue 

X 

X 

X 

X 

X 

I ir.e.  L«i»  .it  ion,  and  Value  of 
largest  Strain  Reached  During  Run 

- 

- 

X 

X 

X 

X 

(OPACITY  INFORMATION 

? taxi  mum  No.  (it  finite- 
Ditter»*n«e  Stations* 

loo 

KM) 

H.ixino~  ?**:.  of  f inite 

1 1 eaten  t s* 

- 

- 

so 

so 

so 

so 

* I ti*'s»*  llnits  < an  be  «.  in  unvcntol  t»v 

a 1 ter ing 

the  dimensions 

of  appropriate  program  variable* 

(*ee  each 

«*  re!  er»  nt  e) 
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APPENDIX  2 

ROTOR  BURST  PROTECTION  PROGRAM  - REPORTS  ISSUED 
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Catta  etude  analyse  la  ^r.i*rm  oont  las  aubas  ronques  viannent  frapper  In  carter  mqtaur  puis  ducrit 
una  installation  d’assais  tris  simple  ►Tnattant  d'envoyar  das  projectiles  k vitessa  variable  aux  das 
doles  recrdentant  la  carter. 

las  assets  affectufs  nontrant  la  comportemant  aux  inpacta  k froid  at  1 cnaud  d'un  asaar  grand  nonbre 
dr  materiaux,  au’il  s'aaisaa  da  sattfrsi  corroykes  ou  coulees  auasi  Oien  pour  das  alllace*  a ' aluminium  at 
da  titans  qua  pour  das  eci-rs  at  das  alliagas  da  nickel  ou  da  cobalt.  Ils  nattant  eoalammnt  an  evidence 
1 'influence  da  la  riaidltk,  da  l'epaissaur  at  da  la  saisa  da  la  cibla.  I la  sont  concerns  k quelquas  nasals 
k plus  aranoa  dimension  efin  da  iuaar  da  1'influanca  da  l'Acoelle  at  da  mieux  analyser  las  deformations  da 
la  cibla  an  vua  da  recharcher  una  correlation  antra  la  conportenant  aux  impacts  at  las  rknultats  das  asaals 
-ecaniquas  classiquas. 

Cat  ensemble  d'essai*  oernet  enfin  da  dfaaqer  un  certain  nqmbre  da  riclan  qui  pauvant  sarvir  da  guide 
au  rasponsabla  c-iril  da  dassinar  un  carter  davant  enntenir  las  aubes. 


•,  iMU»U  1 


*n  analysis  -as  bean  carried  out  of  t'e  may  in  welch  a ruotured  blade  impacts  an  angina  case.  Than 
a simp  la  tast  Danes,  wniCn  allows  to  project  bullets  at  a variable  speed  on  a small  target  representative 
of  a case,  is  oascribea. 

lasts  on  various  materials  sue"  as  aluminum,  titanium,  iron,  nickel  ana  cobalt  base  alloys  in  wrouuht 
or  cast  form  "eve  bran  conducted  at  room  as  wall  as  at  elevated  temperatures.  Toi*  test  is  also  able  to 
s-ou  tne  influence  of  fe  stiffness,  tniekness  and  mass  c ’ to*  target. 

4 fam  axparimant s wit’  larger  projectiles  ana  lsroer  plates  are  currentlv  beinc  performed.  They  will 
allow  to  study  t"a  scale  affect  ane  to  analyse  more  accurately  tne  strain  distribution  in  toe  taroet,  tnuo 
oivinc  alawants  for  aowa  correlation  of  t’n  impact  banaviour  of  materials  with  tnair  classical  macnanical 
properties. 

rinellv  our  tast  allows  to  draw  a few  ouide-rulen  for  the  design  of  a blade  containinc  case. 
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11  ast  demand!  aux  cmnatructaurs  da  turboriacteur*  da  oarentir  qua  las  cartars  soiant  capablas  da 
contanir  las  aubas  da  comprassaur  ou  da  turbina  qui  pourralant  pour  una  causa  quelconqua  ss  rompra.  11 
«'aait  aussi  bias  da  ruptures  da  la  oela  ou  da  l'attache  sous  l'affat  d'excitetion*  vibratoires  ou  da  rup- 
tures par  fatiouc  * partlr  da  blassuras  eravoquCes  par  1 'absorption  da  corps  etranqars,  Qva  da  ruptures 
' oroduitas  par  l'inqestion  d'olsaaue. 

fn  o! n*rei , las  carters  das  etaoas  da  co*ores*eure  nauta  prasaion  ainsi  qua  laa  carters  das  Stages 
moyenoa  orassioo  sont  capablas  da  ratanlr  las  aubas  qui  sont  da  plus  petite  dimension  at  aauls  las  carters 
das  premiers  etaqas  da  eonpreeseura  dPivent  *tra  renfore*n.  La  probltne  la  plus  difficile  *e  posa  a vac  las 
orandas  aubas  da  aoufflantes  k talons  intarmedialras  main  das  renforceaents  da  cartars  sont  quand  etna 
of cassairas  pour  contanir  lea  aubas  das  praaiers  etaqas  das  rfactaurs  k simple  flux.  Du  cBt#  turbine  ce 
sont  las  aubas  las  plus  lonouea  at  k talons  au  sonnet  qui  sont  toslamant  las  plus  difficilas  k contanir 
’•Is  eertaines  aupax  k qranda  corda  at  avac  pied  k feme**#  da  la  turbina  oautc  prassion  pauvant  nfeassiter 
das  ran fore a marts  oa  cartars. 

u'una  manikra  generate  la  difficult!  Mjsure  viant  das  grandas  aubas  da  soufflanta  Pont  las  dlaansinnx 
m'approcoant  oa  callas  das  '•JUtli  at  qui  roeportant  das  talons  intameaiaira*  (voir  plancoa  II.  Bian  qua 
la  cnnstructaur  prenna  la  maximtxx  da  precautions  pour  qua  das  ra'.urn  na  puissant  pas  xa  produira  dans  la 
pied,  las  rkglamants  imposant  da  considkrar  la  cas  da  la  separation  coapieta  da  1’eube  munia  da  eon  attach#. 

i 'axemen  cinematograpniqua  das  ruptures  da  pale  sous  l'affat  d'una  charge  explosive  dene  l'attaehq 
ou  d'un  tlr  d'oiseau  rnontra  qua  l'eube  an  sa  skparant  du  disque  prand  un  mouvenent  da  rotation  autour  da 
non  centre  da  gravite  at  viant  fraooar  la  carter  por  la  pertia  massive  da  aon  plod.  La  vitosao  d* impact 
paut  dkpassar  nettemant  la  vitassa  d * aw  trainee  ant  tengentielle  da  aon  centre  da  grevitk.  Ainai  la  preniar 
impact  ast  un  impact  k incidence  p roc ha  da  la  nornale  avac  una  vitas aa  da  1 'ordre  da  grandeur  daa  vitas aax 


circonf#rentiellea  da*  aubas,  pair  asampl#  da  200  k 4HU  ■/#.  On  paut  done  an  dfduire  qua  las  tartars  da 
coapraaadur  do i van t rdaiatar  k das  projactilas  prdsantant  das  arttes  anquleuaa*  at  da  mPmes  earactf ristiquas 
adcaniquas  qua  las  aubas,  c'est-d-dlra  anviron  1UC0  Mba  da  cherqe  da  rupture,  anmyds  k Incidanca  normals 
k das  wltassas  da  l'ordra  da  Ji*J  m/s. 

II  s'euit  alors  pour  is  motorist#  da  cnoiair  la  matdrieu  1*  mieus  adapt#  pour  la  fabrication  das 
darters  at  da  ddteminer  la  technoloqia  at  l'dpaiasaur  qui  pamattant  a vac  la  masse  la  plus  faibl#  d#  eortanir 
Is*  projectiles. 

Han*  ea  but,  nous  avons  entrapris  on#  campaqna  d'essai*  ndtallurqiquan  afin  da  comparer  la  comportement 
d'un  grand  nombrs  da  matdriaus  sous  l'affat  d'impacts  * grande  vitesse. 


* partir  da  tea  donnies,  nous  avons  utilia#  une  installation  d'essai*  trd*  slnpln  pamattant  d'snvoyer 
de*  crojactilas  k vitaasa  at  inclinaison  variable  sur  da*  plaques,  latte  installation  comports  un  disposltif 
da  enguffaqa  da  la  cibla  pour  dtudier  la  coaportennnt  da*  matdriau*  pour  carter  turbine. 

L 'installation  (plancn*  conprand  un  pistolet  de  scellament  nomelemcnt  utllis*  pour  fisar  das  places 
a'aciar  dan*  la  b#ton,  une  cabin#  da  tir  avac  la*  disposltif*  de  sicurit#  #"p*chant  la  tir  quand  la  cabins 
n'est  pa-.  fem#e,  un  sncla  orienteble  pour  la  fisatlon  de  la  clble  ain*i  qu'un  chalumaau  pour  ehauffeo# 
Eventual  de  la  cibla  jusqu'i  bn#  Cains  da  mature  I plancn#  Jl  constitute  de  daujr  cellule*  pnoto- 

Mectriques  at  d'un  cronomitra  "ocnar  donna  la  vitesse  du  oroiectile  pour  cheque  tir  car,  naiqrv  la*  ortcau- 
tion*  prises,  il  n'a  pa*  #ti  po*siole  d'obtanir  una  relation  asaer  precise  antra  la  quentit#  da  poudra  de  la 
cartouc~e  at  la  vita*sa  du  protectile. 


.hq:<  u . t di.i.;i.r r itt 

la  pro  tactile  utilise  ast  un  evlindra  da  # *<*  da  dlamttre  temin#  nar  un  tronc  da  cSna  k 90*.  11  eat 
rfalis#  dan*  un  aciar  k IL'Cli  •/*'a  da  maraa  da  rupture  at  sa  *****  ast  da  ' aranmas.  •'vent  de  ratanir  catte 
form#  avac  tronc  da  cSna  represent*#  plancne  nous  avons  conpar#  sur  une  »t»s  cibla  les  effets  das  daws 
autre*  farna*  da  projectile  de  •#••  masse,  1‘un  termini  par  une  celotta  npniriqu*.  1 ’autre  par  una  face 
droits  cnanfrainte,  Contralremem  k notrs  attente,  la  perforation  d'un#  cibla  an  nat#riau  k faiola  fraoillte 
a au  llau  oour  la  vitesse  la  plus  feible  avac  la  projectile  h calotte  spnfrique  tandi*  qua  Is  projectile 
pointu  ne  perforeit  le  cibla  qua  pour  une  vitesse  tr#s  cupirieure.  un  conr.tet#  an  effet  que  la  forme  spnt- 
rioue  donna  la  plus  feible  deformation  k la  cibto  at  parfora  unlquemant  par  cisaillament  tandi*  qua  la 
form  point ua  diform#  tr*s  nattamant  la  ciblr  avant  da  la  perforer.  Lorsqoe  le  matiriau  de  le  cibla  a un# 
feible  capaclt#  de  deformation,  le  pro  tactile  pointu  orovoque  da*  criaue*  radial#*  an  mettant  an  evidence 
le  comportemant  fragile  du  mat*rieu.  Le  projectile  cpntrique  au  contralr*  conduit  k un  eemai  de  r#siatenca 
k le  perforation  per  cisaillament.  La  projectile  k front  droit  entrain*  da  leotras  difomations  at  a un 
affat  proc#  de  calui  du  pratactila  soniriqu*. 

Vous  n'avons  oa*  ratenu  la  forme  spnfriqua  estiment  qua  la  rupture  par  cisaillament  oouvait  faci lament  r.e 
d#duira  da*  caractf rlstioue*  nieaniaua*  clesaique*  des  matfriaus  at  nous  nous  urns*  intern**#*  plus  par- 
ticulltrament,  # l'aida  du  pro  tactile  pointu,  au  comportemant  fraqila  k grande  vitesse  dn  deformation. 
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-our  un#  •••#•’#  ioalssaur  da  t ",  tmi*  foma*  da  cibles  ont  it#  compare#*  (plane"*  1 > j 

- un*  plague  forta-ent  bridi*  laissant  libra  un*  surface  circulair#  da  diamitr*  double  de  calui  du 
orojactila, 

- un*  claque  cerrie  fis*e  sur  *e*  eftti*  laissant  libra  un#  surface  carr#e  de  9n  *■  s 9o  nn, 

> - una  plaque  rectenguleir*  *ncastr#e  saulenent  sur  un  petit  c8te  at  laissant  libra  un  rectangle  da 

3*  nm  S du 

La  plane#  n nontr*  le*  r#*ultats  obtanu*  avac  nuit  -ateriau*  different*  silent  de*  allleaes  d'elu- 
ninium  et  cm  mqqn#*ium  eus  allxeoes  ts»  titan#  1 1 sue  eciers.  'n  constate  due  plus  la  cibla  e*t  rigid*,  plus 
la  perforation  oat  facila.  un  montrero  plus  loin  qu'avac  la  cibla  tr#s  rioida  la  vitmaaa  do  perforation 
s’aoprocno  par  esci*  de  la  vitas**  de  perforatian  par  cisaillament  pur. 


IVUlVt  JC  L ■ VlCt'-jL  !IJ  HUL.JL.TILL 

La  olencu*  7 nontr*  la  d# fomatron  ee  la  cibla  an  fonction  da  la  vitassa,  pour  un*  cibla  an  eiliaqe 
trim  ductile  (allieqe  *1  - Mo>  pau  anceetrie.  ~u»  tr*»  grand#*  vitassas,  on  a una  perforation  oar  cisail- 
lammnt  pur  son*  absorption  d’#««rqie  k di- tones  t c'ast  la  ce*  d'une  balla  oarforsnt  una  vitre  an  laissant 
un  trou  bian  rond.  »u*  vitassa*  olus  faiblas  il  v a das  deformations  pri*  de  l'impact  et  k distance. 


IVl.UtMt  UCj  UMLltil  WI J"t».  Dt  Li  flttf 

'pur  un  aciar  martansitlqum  au  chrome  molybdin*  vanadium,  noua  ovon*  fait  verier  las  caractiristiquas 
m#caniques  an  )ouant  sur  1*  trait**ant  tsamiqu*  da  ravanu.  On  constat#  (planch#  8>  qua  pour  eat  aciar 
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40  CDV  2n  (Vflf cojet  1000),  la  meilleur  cofroortemant  a lieu  pour  une  charge  da  ruptura  d'au  noina  1200  Wm 
at  qua  la  comportenent  fragile  Cast  net  qu»i  14UU  mp«.  Cas  asaais  obtenua  a vac  la  projectile  point u at 
une  cibla  peu  enceitr^t,  Ceat— 4— dire  dans  daa  condition*  o*»  la  fragility  a la  plus  da  facility  da  ae 
•tenireater,  entrant  qu'on  peut  obtanir  una  bonne  resistance  eux  impacts  avac  un  mattriau  trait*  ft  un 
heut  niveau  da  carect£riatiqua*  mAceniqu#*,  pourvu  qua  sa  ductility  rests  aupArieure  ft  9^* 


INFLUENCE  DE  L 1 £*'  A I bSE ' 

Las  asaais  sur  da*  ciblas  d'*paiaseur  variable  ont  *t4  effectu6a  sur  das  allieges  d'aluminium  et  de 
magnesium  car  nous  vouliona  voir  dans  quails  masura  on  pouveit  remplecer  das  carters  minces  an  ecier  par 
das  carters  plus  epals  an  aliiaqas  l*aers  foxqfta  ou  coulftn.  bn  constate  (plancne  9)  qua  la  vitesse  dw  per- 
foration augments  ft  peu  prfts  proportionnel lament  A la  racine  carr*e  de  I'ftpaiaaeur  ou  encore  qua  I’ftnerpie 
cinltique  1/2  m<i/2  antrainent  la  perforation  est  proportionnelle  4 I’ftpeisseur  de  la  cible. 

3*11  s'ftteit  agi  do  cisailla^ent  pur,  l*4nergie  da  rupture  par  perforation  aureit  pu  e'exprimer  sous 
la  form*  epproch*#  t 

0,66  fl  x a d a x a 

- R repr*sentent  la  contrainte  de  rupture  an  traction 

- a d a la  surface  ci sail 16*  par  la  projectile  de  diam&tre  d sur  una  cibla  d'ftpaisaeur  a« 

Cette  TOrmule  simplifies  edmet  qua  la  contrainte  da  rupture  per  ciseilleTent  ft  grande  vitesse  est 
6gaie  1 66\  de  la  contrainte  de  rupture  par  traction  at  qua  cette  contrainte  de  rupture  se  conserve  pendant 
tout  le  d*plac«ment  de  ciseiliemant  qui  est  voisin  de  l'ftpaiaseur.  Cette  formula  do  une  une  vitesse  da  per- 
foration proportionnelle  ft  l*6palsaeor» 

Cur  la  plancne  9 roue  avons  port*  catta  viteesa  de  perforation  par  cisaillament  pur.  Ella  correspond 
su  cas  o*i  touta  l'tneraie  cin*tique  du  projectile  ast  utilise*  pour  trouer  la  cibla  par  cisaillamant. 

Cheque  fnis  qu'il  y aura  absorption  d'6nernie  an  dehors  do  ca  ciseilleTent , an  particulier  pour  d*formar 
la  cibla  prfts  da  1 'impact  ou  b distance  au  droit  do  1 'encestrement , la  vitesse  da  perforation  sera  plus 
*lev*a.  i*ar  contra,  lorsque  la  cibla  sera  fragile,  alia  pourre  "volar  an  eclats"  an  absorbent  moing 
d*6nergie  qua  pour  la  perforation  par  cisaille-ent. 

On  volt  sur  la  planch#  9 qua  la  vitesse  pratique  da  perforation  no  descend  an  dessous  de  la  vitesse 
tVorique  de  perforation  qua  dans  la  cas  das  ciblas  rompues  avec  un  facies  fragile.  Les  hearts  sont  lea 
plus  cranai  lorsque  las  ciblas  ont  une  falble  Ipalssaur  car  alias  peuvent  alors  sa  d*former  fortement  par 
flexion  ; dans  ce  cas,  l’dnergie  absorb*#  peut  au  total  fttre  3 k 6 fois  sup*rieure  b l'enargia  th*orique 
de  ci*aille~ent . Ainai  1 'augmentation  d'epoissaur  ast  moing  payante  qua  ne  le  laisserait  pr£voir  la  lot 
do  vitesse  proportionnelle  b l'tpeisseur  a qui  repos#  sur  la  th*ori#  du  cisalllement  naximum  alors  que 
Cast  pr*eis*ment  avac  les  fortes  ftpaisaeurs  qua  la  plus  arande  part  de  l'6neraie  ast  absorb*®  par  cisail- 
lament  ; lorsque  l'on  double  l'epaissaur,  la  vitesse  de  perforation  eat  multipli*e  P®r  un  factaur  plus 
procne  de  1,1  que  de  2.  Nous  insistons  sur  ce  point  cor  de  nombreux  auteurs  an  pr*sentant  des  lois  o.*  la 
vitesse  ast  proportionnelle  b lv*oaisseur,  n#  soulignent  pas  asset  le  fait  qu'eux  faiblas  epaisseur*  et 
auu  *eibles  vitesser.  les  cibles  peuvent  absorber  beaucoup  plus  d*£nernie  que  par  le  seul  cisaillerent  ; 
ces  lois  r.nnt  oar  contre  tres  utiles  pour  ^valuer  le  risque  de  perforation,  je  la  m§ne  fegon,  on  peut 
penser  qua  si  une  cible  est  constitute  ce  deux  tflles  au  lieu  d'un#  seuie  d'epairseur  double,  les  ceux 
tales,  ortca  b lrur  plus  qrande  souplesse,  pourront  absorber  davantace  d'*nerqie  mais  11  faut  §tre  trfts 
prudent  dans  cette  vole,  compte  tenu  de  la  faible  resistance  au  Ci'chirerant  des  Clements  mince6. 


WAHAI  jflfi  Lif  li  MATEw]*:iX  A E«’*r.S£UR  UJN^UNTE 

La  plancne  1<  re^semble  un  Qrand  no-.bre  de  rCsultats  obtenus  avec  une  cible  de  2,5  nm  d*£cair.seur 
encastr*e  sur  un  petit  cflte  ; quelques  r*sultats  avec  une  cible  fortement  bridge  ont  et£  aiout*s. 

Nous  avons  class*  las  wat6riaux  en  tenant  comptn  b la  fois  de  la  vitesse  de  perforation  mesur*e,  de 
la  vitesse  tn*oriquo  de  perforation  par  cisaillement  et  des  crit*re«  da  frecilit*.  Les  meilleurs  r*sultets 
sont  obtenun  avec  l'acier  Vascoiet  H;U0  trait*  b V3C  M1*a  et  avec  l*aliiaoe  base  cobalt  Hb  25.  L'alliaoe 
base  nickel  Waspaloy  ne  olaca  bien  ralor*  une  16cnre  fraoilit*  intercranulaire  n* entrai>*ant  pas  de  criQues 
radialas. 

vuelques  esnais  ont  *t*  affactues  sur  une  cible  durcie  suoerficie 1 le^ent  par  une  nitruration  da 
i,1:i  d**paissaur  sur  la  face  racevant  la  protactile.  Aucun  avantaoe  et  o#**e  plutdt  une  certain#  baisse 
de  r*nistance  a ^t*  obsarvte  par  suite  de  la  fraoilit*  cu  revitement  un  p#u  b l*axt*rieur  da  l'i^oaet,  14 
o*  ten  deformations  ont  lieu  par  extension,  cn  oeut  pannex  qu*an  tir  oblique  la  nitruration  aureit  apport* 
un  #van«aoa. 


. m ciassa-mn*  pr'sert'*  olanc  e M oer-*?t  une  co-aereison  fi#s  •»at*riaux  da  mass#  no^cifique  di^ffrante. 

a crini^ra  #a-ille,  oo^a  b la  foi-.  * i*eenei  oe  tir  sur  pleq.i-t te  #aitlem»mt  rncastr/e  r\  i ;#  p**r- 
«•  ration  par  risail  m#  r-i-cr*fv  que  -at«*riau»  h ♦ainle  sCcdc*.**.  n vf*it  x'avantece  que 

•o«>  pe  .•  Ur-r  allies-  -•aiu-lniu-  r*  -*p  e<  *r#s  «liiac<rs  re  tlta^e  A condition 
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da  s'acco-odar  d'una  ilgire  fragility.  Ulan  qua  las  fortas  *pelsaeura  acartont  las  poaaibllltfta  da  difor- 
! nation  k distance,  cas  m.t^riaun  s amt 1 ant  .up£rieurs  au*  aciars  at  aurtout  aua  aciars  inoaydablea  auettni- 

- tiquas  non  durcis  qui  sa  trouvant  tr*e  mal  places  par  suita  da  laur  feible  tanua  au  cisalllamant. 

| tas  alliagas  d'elu'iniuat  ont  l'avantaqa  d'ttra  6cono«tlquee  at  da  blan  “contend r”  laa  projectile* 

I -ais  lla  risquant  d'etre  fortemant  blastas  k cause  da  laur  tr*s  bonne  uainebillt<  at  da  laur  faibla  ,'ursta  ; 

! leur  ductilita  mediocre  pourrait  it  re  un  inconwanient  loraqu'il  y a des  variations  da  rigidita  ou  d'apaissaur. 

il 

f m«tto  comparaison  b mime  masse  dAcevantoge  l'al liege  base  cobalt  Hb  2b  dont  la  denait#  aat  ILK  plus 

I #lav#e  qua  calla  das  aciars.  har  contra  cat  alliaqa  trouva  son  intirft  au  niveau  da  la  turbine  par  suite 

I da  sa  bonne  tanua  b c^aud. 


£ bbA|  3 j1  f A ChAUU 

Uaa  tirs  ont  it#  ex#cut#s  sur  das  ciblas  c^suffiss  par  un  cnalumeau  an  vue  d*#tudi^r  la  coaportement 
das  carters  nais  aussi  das  aubes  mobiles  forq#es  ou  couliss.  La  plencne  1 2 confirms  ainsi  la  bon  comport amant 
du  M j u b A 700*  at  bf)C#C.  Las  assaia  sur  matiriaux  pour  aubas  mobiles  montrant  que  la  fragility  1 temperature 
smoiente  ae  1'Udlmet  TOO  fore#  s*att#nue  tr#s  fortemant  b cnaud.  L* Inconel  713  cool#  amt  fragile  b touta 
temperature  ; malqr#  cetta  fragility,  l'Anergle  absorb#®  par  la  projectile  ast  tr#s  supiriaura  b calla  qua 
l'on  d#duit  du  calcul  da  cisail lament . 


ti sai-j  vh  vATrwiajx  j 

L'as  tiro  ont  it#  effactuAs  sur  das  plaques  da  3ti0  mm  * JOM  mn,  r#alis#as  en  composites  da  diff#rantes 
Apaisneurs  constituAg  da  couc^er  de  tissu  da  verre  impr#qn#eo  da  r#sinms  ipoxydas. 

t;n  constate  (planc^m  1 J 1 eo*™*  pour  las  aciars  at  ellieqes  que  la  vitesse  du  projactila  antrainant 
la  oerforation  n'auq->ente  pas  eussi  vita  qua  i'ipaisseur  da  la  cible  ainsi  qu'il  risultarait  d'una  parfo- 
ration  oar  ci->ail  lament  pur.  Ici  encore,  aux  faiblms  Apaisseurs  qui  correspondent  i da  faibles  vitassas 
ou  pro*ectile,  on  observe  d 'importantas  dAtAriorationg  du  m«t#riau  loin  du  point  d' impact  main  sous  for^a 
de  dfla-inaae  antra  1ms  diffArentes  couches  da  tissu.  Aux  grandes  vitesaes,  la  d#t Arioration  ast  plus  loca- 
lise et  l 'on  paut  penser  qua  l‘*n*raie  absorb/e  sa  repproc^e  du  travail  da  perforation  par  cisallloment . 

L an  essais  -entrant  Aqelemqnt  qum  la  r#si*tance  da  la  cibls  eugnente  lorsque  pour  la  mine  Apaisseur  totala 
on  pe«s*  de  ^oeA  deux,  puis  b trois  plaques  superposes . II  epperait  aussi  que  les  composites  consid#r#s 
r#a lis^o  svec  den  fibres  da  verra  E se  pr#santant  aur.si  bian  qua  las  meilleurs  mat#riaux  n#talliquas  at 
d*pasgent  -ime  ^c^re^ent  l'elliane  da  titane  Ti.Ml.4V.  !1  ant  vraisamblable  qu'en  faisant  verier  la 
qualit#  des  fibres  et  da  la  rising  ainsi  qua  la  nature  et  la  nombre  des  couches  de  tissu,  on  pourrait  ob- 
tenir  den  r^sultats  nupiriaurs.  II  se^ble  qu'il  faille  racn*rcher  b la  fois  des  fibres  plus  rAsictantes 
tout  m conaarvant  une  certains  aptitude  au  d#lemineoe  des  coucber,.  Una  solution  intAressente  pourrait  fctro 
obtanua  an  renfor^ant  una  plaque  da  m#tal  de  faible  #paisseur  par  du  conposita. 


b*t,jA!v  Jt  MACIIuN  A r,MA%UF  71  7£^C 

II  nous  a paru  int#ressant  afin  de  nieux  comprencre  le  comportament  aux  impacts  das  ciblas,  d'Atudior 
l'affst  oe  2a  vitanse  de  d#for^ation  sur  las  caract#ris tiques  m#ceniques  de  la  matiere.  Dans  ce  but,  nous 
avonr,  entrapris  n .r  das  #orouvattas  cylindriquas  des  assais  de  traction  b qrande  vitasse  b l'aida  d'un 
oisponitif  b aroal#ta  ; leo  vitessen  de  d#fornation  #taiant  comprises  antra  10-4/s  at  103/Sf  la  viteGsa 
appliqj#e  can.  1'essai  cla^sique  de  traction  #tant  voisine  da  1t)-3/s.  L 'exploitation  a #t#  affactu#a  b 
cartir  de  la  cmA-iatooraonie  b orande  viter.se.  (Jn  constate  qua  pour  la  plupart  des  mat#rieux,  la  charge  de 
rupture  a tancance  b au*4-«enter  aux  oranden  vitassas  alors  que  l'allonqemant  r#parti  diminue  ou  augmanta 
' nuivant  las  mat *riaux  (voir  plancnes  14  at  1*>).  Cette  exploitation  a #t#  dftcevente  car  alia  n'a  pas  permis 
d'exoliquar  le  plur  ou  mo ins  bon  eomportement  des  mat#riaux  constituent  les  ciblas.  II  eat  toutefois  b 
mnnelar  qua  ien  dAformations  ne  sont  pas  uniformes  tout  le  Iona  de  1 *#prouvatte,  la  miss  en  d#placement 
se  feisent  procressivement  avec  propacation  d'une  onde  plaatique  ; d'autra  part  la  mode  da  d#formetion 
-ni-irectianneiie  ent  tres  diff^rant  de  celui  des  cibles  qui  est  biaxial  voire  mime  triaxial  au  droit  du 
contact  du  proiectile. 


r T . * . - ; t»  s u't , .ai  j 

- en  orA^entA*-,  concernent  le  tir  dm  projectiles  de  1 Qrammes  et  de  8 mm  de  diemitre  sur  des 

deques  piur  ou  -oir»s  encastrAe-.  de  mm  d’Apaisgeur  en  acier  ou  dm  plus  forte  #paif;seur  lorsQu'il  s'agit 
f.n  -at«'ri«ux  :;m  plus  ♦aible  m»rsm  sp#cifiqum.  les  perforations  ont  alors  lieu  pour  das  vitassas  comprises 
en?  re  et  V *k»us  avonn  *^ontr#  oue  plus  la  vitasse  du  pro  jactila  auqmante  mains  la  cible  ebsorbe 

d'Aner  :im  N niotanca  at  que  *.i  la  cible  n'est  pas  trop  freaile,  l'#neraie  absorbfe  correspond  alors  au 
tre/ii*  dm  perforation  par  cisal  1 lament  an  poinennneeje.  Il'autras  conditions  d' assais  conduiraiant  k unn 
Arenie  a^mrbAm  -t'*.»tant  p*^  iranda  que  la  cible  pourrait  se  dAformer  b distance  j la  probliee  sa 
c'j-piique  car  le*;  faeultis  de  d#for->ation  d'unm  cible  dApanqant  non  seulement  da  sa  ductilit#  et  da  sa 
ri-ri-'jV  mn  -ai'  aussi  de  ia  vitasse  du  project!  In.  in  effet,  les  forces  d'inertie  de  le  cible 

• »Ope  mn*  tu*  dAp ; ece-ent - S crenq^  vitesse  que  voudrait  lui  i«poser  le  projectile.  En  plus  de  l*#n#rqie 
*n-.ort*A*i  'nr-at  p",  intervient  ainrs  la  notion  d'Anmroia  de  »ise  en  mouve—nt  de  la  cible.  *ux  qrandes 

•r i t e - *,»•  ;m-  *e  ^*eni**  deviem*.  tr^s  i>~t)ortante  at  tout  sa  pa-see  comsa  si  la  riQidlt#  da  la  cible  auqmantait. 
a #te*ion  -»  la  ci-la  p rA- ansae  rl anr-  m ’ i!  lustra  ct  p*  *no*Unt. 
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l ‘analyse  caa  conditions  d'assais  est  simple  lormque  l'on  considers  la  perforation  par  cisailleaent  t 
an  sffet  la  vitorse  da  perforation  sa  did  ait  da  la  formula  ■ 

1/2  — 0,66  ft.  ▼ da2 


61  on  considers  das  projactllae  oa  dimension  variable  tail  homotnetlquas,  laur 
caps  das  dimension*.  La  vitassa  da  perforation  prand  alora  la  forme  i 


aaaaa  varia  avac  la 


a k . 


ou  ancore  V proportlonnal  4 


d raprdsantant  la  diametre  du  projectile  ou  a lap  latent  una  dinansion  1 ini  air  a. 

!1  sufflt  ainsi  d'auqmantar  l'ftpeiaseur  da  la  cibla  dans  la  »!"•  rapport  qua  laa  dimensions  du  projectile 
pour  coneerver  la  m#me  vltaaaa  da  perforation  par  eisaillmment . Coons  dans  ca  cas  la  cibla  deviant  plus 
rioide  cn  paut  s'attendro  •"  pratique  4 unt  plus  faible  Anerqie  absorbfa  par  deformation  i pour  ivitar  la 
perforation  il  ast  done  ndeessaire  d'auqmenter  I'fpaiaseur  da  la  cibla  un  peu  plus  fortement  quo  las  dimen- 
slon*  du  projectile. 

lorsqum  l’on  vaut  comparer  das  ciblas  da  mftme  masse  nai*  da  nassa  spiclfiqua  f different*,  il  faut 
dans  la  for«ui*  precedent*  notar  qua  l'Ppaissaur  a varia  comma  A/f  . L'fnerql*  absorb**  par  cisaillamant 
apt  alors  proportlonnal  la  4 ft/p*,  grandeur  partlculltraaant  *lev*a  pour  las  mat*rieux  4 falbla  deceit*. 

iur  la  plencn*  11,  1‘asprassion  '' a qui  varia  comma  ft /f  montra  Involution  da  catta  grandeur  pour 
iaa  matfriaus  consider**.  ions  Ion#  4 ca  propos  qua  las  alliaqas  magnesium  litnium  encore  plus  Infers  don- 
naraiant  das  valours  do  resistance  au  cisaillement  tr*s  suoirieures. 

f-our  una  naillaure  precision  dans  la  calcul  da  1‘enarqie  abeorb*e  par  cisaillaaant,  il  seralt  n*cea- 
saira  d'affactuar  cas  assaia  da  coinqannaqa  4 grands  vitassa  mals  nous  panaons  qua  pour  das  aatiriaus  suffi- 
sanment  ductile*  notra  estimation  0,66  ft  pour  la  contralnta  da  rupture  par  cisaillement  rasta  acceptable. 

I 'estimation  da  l‘6nerqle  absorb**  par  deformation  4 distance  sambia  difficile  4 attelndre  par  la 
calcul  at  nous  avnns  vu  qu'alla  paut  it ra  6 fois  plus  *lev*e  qua  l'inargie  oa  polngonnaoe  dans  la  cas  das 
clbles  a a faibla  epaissaur.  us  qualite  4 racnarcnar  pour  una  cibla  ast  una  cnaroe  da  rupture  ilavea  allies 
4 un  son  allanqemest  reparti,  l'allongement  localise  au  droit  dn  la  striction  ayant  pau  d'intfrit. 

'■cu<  avons  pau  parie  das  rupturas  fragile*  qui  viennent  limiter  l'enarqis  absorb**  par  la  cibla  car 
let  tirs  avee  projectile  pointu  sont  partlcull4rsm*nt  aptas  4 mattra  on  evidence  cotta  fragilite  ; price 
4 cas  assals  il  ast  tr4*  facile  d'ecartar  las  mst*rlaux  fraqilos  4 1 ' impact  at  11  n’ast  paa  necetsalra  da 
racbercnnr  una  correlation  antra  catta  fraalllt*  at  oaa  caractiristlquas  mecaniquas  telle*  qua  la  rftsilianea 
gur  eprsuvotta  lisse  at  la  ductilite  dans  un  sssai  da  traction  biaxiale. 


, u-jft  la  vr.  c*»u»  jivew  con r £ n i r its  vjbcs 

L 'ensemble  das  assals  present#*  at  laur  analyse  permettmnt  da  deqaqsr  qualques  ideas  simples  pour  la 
conception  des  carters.  On  a vu  combian  il  ast  important  da  raebsrebar  par  tous  les  moyons,  4 retarder  la 
perforation  par  cisaillement  an  favorisant  au  maximum  1 'absorption  d'enarais  per  deformation  ou,  dans  la 
cas  da  mat*riaux  cpmpositss,  psr  deisminaae. 

' our  "rstenir"  les  sugar,  avac  un  carter  da  manse  mirimele,  il  est  necassaira  da  rendre  le  carter  la 
plus  sojple  possible  6 la  maniere  d’un  filat,  an  evitant  au  maximum  tout  ca  qui  oeut  apportar  da  la  rigidit*. 

L 'ideal  conslstarait  an  un  cylindre  d'epaisseur  constants  ou  evoluant  lentemont,  ralie  da  fagon  scupla  ou 
flottante  4 la  structure  mals  la  tecnnolooie  s'oopose  qenerolamant  4 catta  ennf iauretion.  Lea  brides  dsvront 
•tre  congues  avac  la  minimum  da  riqidite,  oar  example  qrica  4 das  fastonnaaes,  et  evec  un  reccordament  tr*s 
procressif  4 la  partis  evlindrique  car  toute  zona  riqide  favorise  la  perforation  par  poingonnaae. 

Lorsque  das  renforcements  d'epaissaur  sont  4 pr6volr  sur  un  carter  pour  contenir  las  aubaa,  la  repar- 
tition de  catta  eesse  doit  (tre  utilises  afin  da  niveler  au  miaux  las  epaissaurs  cn  vue  d'aboutir  4 una 
riqidite  plus  uniforms,  dien  souvent,  il  sera  preferable  de  eoncevoir  un  carter  d'epaisseur  minimala  ssaurant 
iuste  les  fnnetions  tacnnoloqiques  et  a6rodynamiques  at  da  prevoir  4 l'axteriaur  un  dauxiimn  carter  d'epais- 
seur constants  4 suspension  soupla  constituent  un  veritable  boucliar.  Cette  solution  apparemmant  lourde  car 
deux  tOlns  separeas  absorbent  moins  d'enargia  par  cisaillement  qu'une  tfile  unique  d’epaisseur  double,  presents 
l'avanteaa  da  favorisar  le  "pi*gaeqa*  das  projectiles  dans  l'snceinte  comprise  antra  les  deux  parois  au 
lieu  de  les  conservar  dans  la  vaina  avac  la  risque  de  provoquer  la  rupture  da  tout  l’aubage  ; an  outre  catta 
solution  parmat  una  tris  bonne  absorption  d'enargia  psr  deformation  du  boucliar. 

le  cas  d'un  carter  an  deux  parois  montra  qu'il  na  auffit  pan  da  contenir  les  projectiles  par  un 
carter  unique  parfaitement  resistant  sane  se  preoccupar  da  1 ' evacuation  das  projectiles.  Le  probl6me  doit 
•tre  examine  sur  un  plan  olus  g#n*rel  qui  dfborda  de  notra  etude*  an  prenent  an  compte  las  pn*non4n#s  da 
d4t*rior#tion  an  cascade  at  da  bourraqa  ainsi  qua  las  possibiiites  d'orlantar  las  projectiles  dans  una 
enceinte  ou  dans  ana  direction  ou  iis  na  naraient  pas  denqareux. 
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tacnnolooiquas  las  -iau»  adaptSa*  pour  Ins  cartars  devant  contanir  las  aucas. 
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DISCUSSION  SUMMARY 


by 

J. G.  Avery 


Prior  lu  (hr  sta/l  til  l In-  discussions.  the  meeting  was  prmlcdgrJ  to  view  a US  Navy  Him  on  the  impact  damage 
to  aircratl  wings.  kindly  loaned  by  Mr  i F kcarns.  Chairman  ol  the  Structures  and  Materials  Panel  1 1' is  film  showed 
the  kind  ot  battle  damage  whuli  had  l<een  sustained  on  the  older  type  ol  aucralt  wings  with  light  skins  stiffened  by 
riveted  stringers  over  a sub-stnisliire  ol  ribs  and  spars  I Ins  muld  be  compared  with  the  damage  sustained  on  more 
modern  wings,  with  heavier  skins  on  a lighter  sub-structure,  as  demonstrated  on  a test  wing  which  was  loaded  and 
then  impacted  by  representative  projectiles  these  tests  showed  clearly  that  catastrophic  failures  could  occur  it 
tlie  initially  applied  stress  level  was  high  enough,  so  ,js  to  reduce  the  corresponding  critical  crack  length  below  that 
produced  by  the  projectile  impact 


DISCUSSION  FOLLOWING  SFSSJON  I 


Avery  (Boring):  I would  like  to  start  the  discussion  period  by  reviewing  some  of  the  things  we  heard  in  today’s 
presentations  Ihe  importance  ot  establishing  j design  methodology  for  design  of  impact  damaged  structure  was 
emphasized  and  il  was  pointed  out  that  this  should  be  done  within  existing  structural  integrity  procedures.  It  was 
also  mentioned  that  verified  analytical  models  must  be  made  available  for  use  in  design.  These  models  include 
damage  prediction  and  residual  strength  prediction.  It  is  important  that  these  models  be  formulated  in.  terms  of 
the  parameters  used  ill  design,  for  example  material  selection  and  geometric  definition.  We  heard  some  good  examples 
today  of  models  which  relied  this.  But  the  models  must  also  reflect  the  threat  parameters  as  this  is  the  other  side 
of  the  problem.  Ihese  parameters  include  threat  type  and  conditions  of  engagement. 

In  the  presentation  today . we  heard  descriptions  of  several  analylical  models  that  can  be  used  in  design, 
including. 

( I ) hydraulic  ram  pressures. 

(2 1 structural  damage  due  lu  blast  and  fragments. 

(3 1 finite  element  applications. 

<4t  overall  vulnerability  assessment 

All  of  these  are  the  very  things  that  must  be  addressed  in  impact  damage  tolerant  design. 

There  are  several  interesting  things  that  we  did  not  discuss  this  morning  and  I would  like  lo  mention  some  of 
these  for  your  contemplation.  One  is  criteria  for  impact  damage  tolerant  design.  For  example,  operation  in  a 
hostile  environment  will  generally  be  determined  by  a procuring  agency  rather  than  the  designer.  But  assuming  that 
such -operation  has  been  specified,  how  do  you  formulate  this  in  terms  that  a designer  can  use?  How  should  Ihe 
criteria  be  formatted  and  what  should  be  specified?  It’s  clear  from  today’s  presentations  that  the  threat  is  important 
and  this  must  obviously  be  specified.  Also  the  conditions  of  engagement,  i.e.,  projectile  velocity  and  obliquity, 
affect  the  damage  size.  Consequently,  criteria  must  address  engagement  conditions.  The  load  acting  at  the  time  of 
damage  imposition  is  a factor  that  must  be  specified,  as  well  as  the  residual  strength  required  after  damage.  There 
are  interesting  and  timely  questions  that  can  be  asked  concerning  the  appropriate  way  of  specifying  Ihese  criteria. 
Should  they  be  specified  in  probabilistic  form,  for  example,  or  should  worst  case  conditions  be  used?  Should  you 
require  survival  against  worst  case  damage  and  worst  case  loading  acting  simultaneously,  or  should  one  back-off 
from  this? 

Another  area  not  discussed  was  repair  of  structural  damage.  The  airframe  is  always  damaged  to  some  extent 
and  the  question  of  repair  criteria  becomes  very’  important.  When  a damaged  aircraft  returns  to  base  in  an  all-out 
war  situation,  under  what  conditions  can  it  he  returned  to  service  and  what  conditions  dictate  repair”  How  does 
the  structural  design  altect  the  capability  lo  repair  damage” 

\ke  did  not  discuss  penetration  capability  but  we  will  hear  a good  deal  about  this  during  tomorrow’s  session 
on  engine  debris  Ihe  question  ol  whether  or  not  a projectile  penetrates  an  element  of  structure  is  an  extremely 
important  aspect  both  ot  structural  vulnerability  and  ot  vulnerability  in  general.  However,  there  an-  substantial 
<lala  available  tor  predicting  penetration  in  aircraft  materials  by  bullets,  at  least,  so  I think  il  was  appropriate  lo 
somcntfale  <>n  other  areas  today 

And  I math  I mould  appersiatr  anv  sotnmrnl  mu  might  fuse  lorfcrtnmg  the  sonten!  and  lonmt  ol  I hr 
V \H 1 1 ISrugn  Manual  ««o  Imp*. ! 1 ijmjp  I ■4run> r •»!  Mrw  lure'  m b* h rs  .urrrslh  being  prepares! 


n: 

Hatrfl  (RRL)  Regarding  the  threat.  this  depends  on  th(  project  manager's  view  ot  the  usage  intended  for  the 
airplane  At  BKl.  we  have  taken  typical  halite  field  scenarnw  and  used  there  to  develop  criteria  that  the  aircraft 
inu»t  meet  F»h  example,  if  the  attacking  weapons  were  a certain  distance  away  we  would  know  the  slant  range 
and  therefore  lltc  velocity  So  we  have  required  a certain  degree  ot  invulnerability  to  projectiles  at  a specific  slant 
range  and  we  have  selected  a variety  of  attack  orientations  for  which  the  aircraft  is  evaluated. 


Avery  tlnriagi:  Then  I think  an  important  consideration  is.  having  done  that,  how  does  one  formulate  this  into 

a criteria  that  a designer  can  utilize 

Hanked  (RRL  I Well,  damage  can  he  estimated  analytically  or  from  test  firing.,  once  the  engagement  conditions 
are  specified  We  require  knowledge  of  the  loads  in  the  stringers,  longerons  and  skin,  and  we  compare  these  loads 
with  stresses  calculated  from  our  analytical  methods  and  require  that  the  aircraft  avoid  catastrophic  lailure.  It's 
tairly  easy  to  follow  this  procedure 


Avery  (Boeing):  I've  had  some  experience  with  a criteria  specification  of  this  nature  All  III-  projectile  threat 

was  spocitied  It  was  also  specified  that  the  damage  location  and  size  was  to  he  the  most  severe  ease.  In  addition, 
damage  was  to  he  unlisted  during  a 4-g  manuever.  and  limit  load  residual  strength  capability  was  required,  l-inally. 
a 2-hr  return  to-hase  criteria  was  imposed  I his  criteria  is  specific  enough  so  that  it  allows  a designer  to  produce  an 
airframe  that  will  comply,  provided  he  has  sufficient  data  on  weapon  terminal  effects  and  structural  response  to 
ha.listic  impact  In  this  particular  case,  the  criteria  specified  imposed  a .10'  weight  penally. 

I lie  point  that  I'm  driving  at  is  that  all  design  is  driven  by  criteria,  that  are  hopefully  specified  initially.  If 
impact  damage  tolerance  considerations  are  ever  to  be  incorporated  into  aircraft  design,  criteria  must  be  effectively 
lormulated  and  tiansnutted  to  the  designer.  I think  there  are  many  questions  that  must  still  be  resolved  concerning 
the  development  and  implementation  of  criteria.  Probably  what  must  be  done  is  to  initiate  studies  to  establish  the 
el  feel  of  impac  t damage  criteria  on  aircraft  weight,  cost  and  rcpairabilily. 

Harpur  IBAC):  Ot  course,  we  have  a similar  situation  regarding  other  types  of  damage.  I’m  thinking  of  the 
tail  sale  criteria  tor  aircraft.  Rather  simple  criteria  have  been  formulated  saying  that  the  aircraft  shall  sustain  loss 
ol  a single  primary  structural  element  and  then  sustain  My:  or  KXy:  limit  load  (depending  upon  which  side  of  the 
Atlantic  you  happen  to  reside' I.  I don't  know  whether  such  simple  criteria  can  be  applied  to  damage  from  projectiles. 
I have  a rather  unpleasant  feeling  that  one  could  have  very  complicated  criteria  indeed  because  of  the  variety  of 
possible  threats.  It's  likely  that,  it  one  attempts  to  cover  these  in  an  overall  manner,  the  designer  will  be  faced  with 
an  almost  impossible  task.  I wonder  if  any  one  lias  any  ideas  toward  developing  simple  criteria,  that  might  at  least 
say  that  aircraft  A was  as  good  as  aircraft  B'.’ 


Squadron  Leader  Perry  IRAK):  My  interest  is  mainly  in  the  repair  of  battle-damaged  aircraft  and  wc  have  tried  to 
establish  some  simple  criteria  to  assist  us.  Here  we  have  to  take  a returned  aircraft  that  has  been  damaged  and 
determine  whether  it  is  lit  to  fly.  My  concern  is  not  with  the  vulnerability  of  the  aircraft.  What  we  hope  to  do 
is  to  produce  a Manual  for  the  airciaft  maintenance  engineer  to  use.  We  have  decided  for  the  Kuropean  war  situation 
we  w ill  only  require  a maximum  of  20  sorties  and  we  will  accept  a degradation  in  airworthiness  such  that  wc  have 
an  ultimate  factor  of  1.0  rather  than  1.5.  We  assume  typical  damage  and  we  aim  to  specify  the  maximum  amount 
pi  damage  that  the  aircraft  can  sustain  without  luving  to  be  repaired,  using  simple  repair  techniques  that  we  plan  to 
develop  We  have  three  categories: 

1 1 ) Aircraft  will  be  permitted  to  fly  with  a reduced  safety  factor  up  to  its  full  operational  envelope,  say  7-g 
for  a ground  attack  aircraft. 

1 2)  Aircraft  can  just  release  its  load,  say  .1.5-g. 

1.1)  The  final  category,  that  would  just  permit  the  aircraft  to  fly  back  to  a rear  repair  base. 

So  we  feel  that  those  are  rather  simple  criteria  and  we  hope  to  produce  a Design  Manual  in  about  a year's  time. 


Avery  (Boeing):  This  work  on  repair  would  be  ot  value  for  inclusion  in  Ihe  AtiARD  Design  Manual  and  we 

would  be  very  appreciative  of  any  information  that  von  could  provide. 


Shaw  IRAKI:  I think  the  most  important  reason  tor  including  repair  m (lie  AtiARD  study  is  that  its  mil  just 

a matter  «l  repairing  damage,  rather  the  important  consideration  is  to  reduce  the  repair  problem  .iierelore  reducing 
llii  extent  the  damage  it  possible 


I>3 


Amy  (tucMf):  That  i>  a very  important  point 


Squadroa  Leader  lAmy  (RAF):  Another  point  that  I would  like  to  make  is  that  we  don't  want  slightly  more  damage 
tolerant  aircraft  that  are  much  more  difficult  to  repair  Honeycomb,  for  example,  is  nearly  impossible  to  repair. 
Another  tiling  tliat  we  would  like  to  see  re-adopted  is  the  transport  joint.  We  saw  the  skin/sthnger  configuration 
iri  the  film  and  those  aircraft  were  all  constructed  with  transport  joints  and  structural  elements  were  easily  replaced, 
t nlortuiufch . it  seems  tliat  today  all  aircraft  are  made  in  one  piece  and  this  makes  repair  difficult,  if  we  look  at 
something  like  the  Harrier,  which  is  operating  away  trom  the  main  base,  the  amount  of  available  facilities  is  extremely 
limited  and  we  see  cannibalization  as  an  efficient  means  of  repair.  I he  Harrier  wing  can  be  removed  in  a matter  ol 
hours.  Ibis  was  not  the  result  ol  battle  damage  considerations,  it  was  done  to  change  the  engine.  But  if  it  can 
be  done  on  a weight  conscious  airplane  like  the  Harrier,  then  it  should  be  possible  on  all  aircraft  to  change  all  major 
structural  elements  and  we  see  this  as  an  important  consideration  in  repair. 


Avery  I Boeing):  While  we  are  on  the  subject  of  repair,  is  there  any  comment  on  fiber  composite  structure  concerning 
its  ease  ot  repair  relative  to  metal  structure  ’ As  far  as  bullet  impact  is  concerned,  composites  tend  to  show  localized 
damage,  as  opposed  to  the  response  of  a material  like  7(175-1  that  often  shows  substantial  cracking  well  beyond  the 
impact  point.  I would  suspect  that  this  one  factor  might  be  an  advantage,  i.c..  smaller  damage  size.  But  damage  size 
is  not  the  whole  story  by  any  means,  because  one  must  consider  the  technique  of  repair  and  even  the  question  of 
whether  repjir  is  even  feasible  in  liber  composite  primary  structure  There  has  been  some  research  in  composite 
repair,  even  including  the  development  ol  a field  repair  kit. 


Squadron  Leader  Berry  iKAKt:  Ibis  is  certainly  the  thing  we  are  looking  for.  We  are  looking  at  the  possibility  of 

using  composites  to  repair  metal  structure.  How  practical  it  is  we  don't  know. 


Haskell  (URL)  Do  you  think  there  is  enough  data  available  on  repair  of  composites  to  include  treatment  in  your 
Design  Manual  ' ( onsidcr  blast  damage,  lor  example,  that  might  rip  off  an  entire  panel. 


Avery  I Boeing):  I agree.  At  best,  all  we  could  do  is  mention  what  work  has  been  done.  Actually,  in  all  these  areas, 
we're  trying  to  put  available  data  into  a Design  Manual  that  will  get  wide  distribution  and  will  hopefully  be  placed 
on  Hie  designer's  bookshelf  ll  there’s  lack  of  data  I think  it  will  be  quite  evident  and  making  this  lack  visible  is 
another  objective  ol  the  manual. 


Ilarpur  iBAC't:  I would  like  to  add  to  that,  in  that  I think  the  ACiAKI)  Manual  activity  should  be  a progressive 
tiling,  so  that  subsequent  information  can  be  added  as  it  becomes  available.  As  of  today,  we  don't  know  everything 
about  t his  subject,  by  any  means. 


Avery  ( Boeing i:  I had  a question  for  Mr  Massmann.  concerning  the  relative  performance  of  honeycomb  structure 
versus  skin  stringer  structure  under  blast  attack.  As  I recall,  as  far  as  panel  deflection  was  concerned,  the  differences 
between  the  two  was  insignificant.  Do  you  feel  there  might  be  a difference  with  regard  to  failure  at  the  attachments 
to  spars  and  ribs.'  Would  the  stiller  configuration  transmit  more  load  to  the  attachments  and  induce  a failure  there? 

Massmann  tlAB(i):  I think  the  stiffness  of  the  panels  is  not  important  as  far  as  the  loads  transmitted  to  the  ribs 
ami  spars  is  concerned.  You  musl  carry  the  entire  load,  so  perhaps  you  may  have  an  altered  distribution,  but  the 
average  value  will  be  approximately  the  same.  Another  point  is  that  the  load  distribution  can  be  different  between 
honeycomb  panels  and  the  slittened  panels.  For  example,  the  ends  of  the  honeycomb  panel  can  be  attached 
differently  than  possible  for  the  stiffened  panel.  Stiffened  panels  can  be  riveted  separately,  a practice  not  feasible 
with  honcV' ':ji,h  panels.  Tor  damage  tolerance,  it  is  best  to  have  manv  panels  and  this  principle  cannot  be  applied 
with  honeycomb 


Avery  (Boring):  So  you  lecl  tliat  other  factors  being  equal,  the  most  damage  tolerant  approach  is  to  use  stiffened 
■.kin  rather  than  hotievsoinh.  in  regard  to  blast  response? 


Massmann  ilAIK  ■ I I Hunk  so.  I here  are  additional  vltvcts  with  honeycomb.  Tor  example,  with  a luze  Jelav 
.nil  tli  ii  Hu  ovrrpieM.nl!  ovum,  between  the  honeycomb  laseshccls.  very  large  damage  results  Ihis  doesn't  occur 
ir.  cMI-m.l  panel  ileMrti' 


IM 


T 


IVfhjp»  I may  nuke  some  other  comments  regarding  the  structural  design.  In  wing  structures,  for  example,  it 
ts  most  important  to  investigate  damage  tolerant  configurations.  A two  spar  wing  with  one  spar  destroyed  has  very 
little  structural  capability.  If  you  increase  the  number  of  spars  you  ca’.i  obtain  improved  damage  tolerance.  However, 
it  the  additional  spars  result  in  spacing  that  is  too  close  it  is  possible  <hat  all  the  spars  can  break.  So  there  is  an 
optimum  value  and  I think  these  values  should  be  in  the  design  manual. 

Avery  I Boring):  I agree.  I've  done  studies  of  this  sort,  and  this  can  be  a big  factor.  It  also  involves  considering 
the  si/e  of  damage  that  can  be  imposed  by  the  given  threat  and  superimposing  this  on  the  proposed  configuration 
to  determine  how  much  of  the  substructure  will  be  damaged.  Now.  when  you  mentioned  inclusion  of  this  in  the 
Design  Manual,  did  you  have  in  mind  actual  numerical  results  from  studies  that  you  are  aware  or.  that  could  be 
made  available,  or  were  you  thinking  of  a more  general  treatment  describing  how  such  studies  might  be  conducted? 


M— IM  1 1 AMD:  I believe  there  are  some  existing  results  that  could  be  made  available.  This  might  he  supple- 
mented by  new  calculations 


Avery  i during):  We  did  a brief  study  once  on  the  effect  of  number  of  spars  versus  the  weight  penalty  associated 
with  making  a specific  wing  configuration  invulnerable  to  a high-explosive  projectile  threat.  The  weight  penalty  was 
reduced  sulntaniially  in  going  from  two  spars  to  four  spars.  However,  the  weight  penalty  began  to  increase  beyond 
four  spars,  i.c..  the  penalty  was  larger  for  the  5-spar  configuration  than  tor  the  4-spar  configuration.  The  reason  for 
this  wjs  the  fact  that  the  threat  could  severely  damage  two  spars  in  the  5-spar  configuration,  because  of  the  reduced 
separation.  As  we  mentioned  this  morning,  there  are  at  least  three  design  techniques  that  can  be  used  to  improve 
structural  survivability,  namely  reduce  the  probability  of  hitting  critical  structure,  improve  damage  resistance,  and 
improve  damage  tolerance.  I think  the  example  thal  !’ve  just  discussed  is  an  application  of  the  first  technique,  i.e.. 
reducing  the  chance  of  damaging  critical  structure. 


Haskell  <BRL>:  I hav  e two  questions,  one  tor  Mr  Avery  and  one  for  Mr  kardcls.  In  your  paper.  Mr  Avery,  you 
referred  to  damage  resistance  and  damage  tolerance.  Are  these  exclusive  of  one  another,  or  is  damage  resistance  or 
damage  tolerance  ultimately  the  more  important?  It  ntay  be  possible  to  get  an  unfair  picture  by  attempting  to 
assess  damage  resistance  relative  to  damage  tolerance.  Is  this  what  you  were  trying  to  point  out.  that  the  end 
product  was  a-allv  the  damage  tolerance  and  not  only  the  damage  resistance? 


Amy  I Boring):  No  doubt  about  that.  W ith  regard  to  strength,  the  key  factor  is  the  tolerance,  as  this  is  the  strength 
of  the  structure  when  it  contains  a specified  amount  of  damage,  l-’or  example,  a classical  method  of  improving 
damage  tolerance  is  to  increase  the  number  of  load  paths.  The  firsl  priority  is  probably  the  improvement  of  damage 
tolerance.  However,  you  can  also  improve  survivability  by  improving  damage  resistance,  because  this  reduces  the 
si/e  of  the  damage.  The  other  area  where  damage  resistance  is  important,  as  opposed  to  damage  tolerance,  is  the 
consideration  of  repair,  because  a large  factor  in  repair  time  and  technique  is  the  si/e  of  the  damage. 


Haskell  IBRD:  My  second  question  is  for  Mr  Kardcls.  In  your  paper  on  vulnerability  analysis,  have  you  performed 
a sensitivity  analysis  ot  the  relative  effect  of  the  various  aircraft  components  on  total  vulnerability  and  can  you  say 
anything  about  the  importance  of  structural  vulnerability  k- la  live  to  other  systems  such  as  fuel,  crew  and  so  on? 

Kardels  (IABG):  In  general.  I can  provide  you  with  these  results.  In  my  paper  today  I only  considered  the  wing 
area.  It  is  possible  to  say.  in  general,  that  out  of  maybe  30  percent  of  all  the  simulations  that  we  have  made,  we 
have  failure  within  the  cockpit  area  or  the  engine  area.  That's  possible.  We  have  incorporated  in  our  model  over 
3.000  components,  where  a component  is.  for  example,  an  actuator,  a hydraulic  line,  a fuel  tank.  These  are  included 
in  the  functional  diagrams,  such  as  I showed  for  the  hydraulic  system,  l-'rom  these  analyses  you  can  get  an  overview 
about  what  happens  if  any  component  fails.  Hut  today  I have  no  specific  results  to  show  you. 


Shaw  IRAL):  Analysis  of  all  available  combat  data  from  l:K  experience  shows  that  structural  damage  has  traditionally 
I •eon  a minor  cause  ol  loss,  something  less  than  5'  Ihe  majority  of  aircraft  types  considered  in  these  statistics 
were  constructed  ol  the  old  'Dural'  alloys,  but  a large  number  were  constructed  of  high  strength  alloys  and  there  was 
no  indication  that  the  loss  rate  was  going  to  mcrejse  due  to  the  use  ot  these  low  toughness  alloys  But.  we’ve  got 
to  rc-cogm/e  that  there  are  a number  ot  circumstances  that  could  result  m a higher  loss  rale  due  to  structural  damage. 
Ihc  lust  is  llie  use  ol  low  Iracture  toughness  materials,  the  second  is  inappropriate  designs  that  tail  i;i  inhibit  the 
conw-|iiciices  ot  hntlleness.  and  the  third  is  more  Irequent  exposure  In  high-energy  weapons  effects 
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Squadron  Lndn  ftny  (RAF):  I'd  like  lo  Ukr  llut  a little  further.  In  your  summary.  Mr  Avery,  you  said  a 
significant  portion  of  I owes  were  attributed  to  structural  failure.  Mould  you  care  to  elaborate  on  tilts? 


Awry  iBueiag In  that  regard,  data  are  normally  reported  in  terms  ol  major  systems,  such  as  structure,  tuel 
system.  flight  controls,  and  so  forth  typically,  no  single  system  accounts  for  more  than  2W  • or  30’ < ol  the  losses, 
so  this  places  tiiiii|ps  in  perspective.  I'm  not  sure  how  one  determines  these  thinp>.  Hydraulic  ram.  lor  example,  is 
that  a fuel  system  failure  or  a structural  tailure*  It’s  both,  there's  a hip  interaction  between  them.  It  hydraulic  rain 
damape  is  reduced,  the  probability  ol  tire  or  tuel  starvation  becomes  much  less.  In  another  sense,  almost  anytime 
a projectile  penetrates  the  airframe,  whether  it  involves  a hydraulic  line  or  a control  line  or  a pump,  there  are  some 
aspects  ot  the  type  of  technology  that  we  have  discussed  under  the  topic  o!  structural  damape.  In  other  wolds, 
there’s  an  impact,  a penetration,  some  damape.  so  in  that  sense  there's  a preat  deal  ol  interaction  that  may  not 
show  up  in  statistics. 


Mauminx  tlABCt:  I think  these  values  depend  on  the  combat  situation,  the  amount  ot  damape  imposed  by  the 
threat,  and  other  (actors.  Mr  Shaw  mentioned  the  figure  ot  5’ . . ( an  you  describe  which  kind  ol  wing  design,  threat 
and  combat  situation  corresponds  to  your  figure  ol  5 '< I think  it's  highly  dependant  on  these  parameters,  and  its 
important  to  know  which  inputs  you  liavc  used. 


Sluw  tRAfc):  I hese  analyses  were  conducted  on  all  available  coinbat  data  they  look  in  all  types  of  aircraft  that 

are  on  record.  Both  copper  and  /.me  alloys  of  aluminium  were  included,  as  well  as  two-spar  wings  and  multi-spar 
wings  I lie  reason  why  many  aircraft  constructed  of  alummitim-/inc  alloys  didn't  prove  to  he  structurally  vulnerable 
was  because  they  were  multi-spar.  It  was  purely  fortuitous  that  they  didn't  suffer,  since  they  hadn't  been  designed 
lor  that  particular  reason. 


Avery  (Boeing):  I think  that's  a good  point.  Another  comment  is  that  more  stringent  design  criteria  concerning 
weapon  threats  are  being  imposed.  Previously,  design  criteria  might  require  resistance  to  a 0.50  caliber  bullet,  whereas 
now  the  high-explosive  projectile  is  considered.  From  the  design  standpoint  this  makes  a big  difference  and  will 
enhance  the  importance  of  structural  vulnerability. 


Squadron  Leader  Perry  (RAFl:  We’re  very  much  concerned  with  trends  in  aircraft  design.  The  bigrest  factor  is  the 
change  from  the  concentrated  spar  design  to  the  distributed  end-load  design  and  none  of  Mr  Shaw's  statistics  would 
include  any  of  the  latter  kind.  Virtually  all  military  aircraft  today  are  built  of  one  top  skin  and  one  bottom  skin, 
and  as  we  saw  from  the  movie  a single  projectile  can  cause  this  to  un/ip  from  side  to  side.  We  are  concerned  that 
we  should  get  away  from  this  kind  of  design. 


Avcrv  I Boeing):  This  leads  us  back  to  a discussion  of  fiber  composite  applications  and  I would  like  lo  clarify  some 
statements  that  I made  earlier.  The  fiber  composites,  i.e.,  boron  and  graphite,  have  generally  poor  fracture  toughness 
characteristics.  They  are  comparable  to  a material  like  7075-Th.  So  in  using  these  materials,  a lot  of  consideration 
has  to  be  given  to  configuration.  You  would  probably  never  use  a monolithic  configuration  when  battle  damage  is 
important,  simply  because  of  the  low  toughness.  The  fracture  toughness  of  the  composites  depends  on  the  orientation 
of  the  libers,  i.e.,  the  lay-up.  A balanced  lay-up  has  fibers  in  the  0.  45.  and  90-degree  directions,  where  the  0-degrec 
direction  would  correspond  to  the  span  of  a wing.  ‘I  he  ± 45-degree  fibers  carry  the  shear  loads  in  the  skin,  and  the 
90-degree  fibers  assist  with  the  internal  pressure  loads.  The  0-degree  fibers,  of  course,  carry  the  wing  bending  loads. 
There  is  substantial  evidence  indicating  tliat  the  presence  of  the  0 and  90-degree  fibers  reduces  the  fracture  toughness 
of  the  laminate.  Consequently,  in  applications  involving  battle  damage  criteria,  it  might  be  best  to  separate  the 
0-dcgree  fibers  from  the  skin  material  by  concentrating  them  into  the  spar  caps.  This  parallels,  somewhat.  Squadron 
Leader  Perry's  comment  on  design  approach. 


Taig  (BAL'I:  I'm  very  glad  (o  hear  Hus  comment,  which  is  an  approach  I have  advocated,  i.e..  the  use  of  composites 
m this  sort  of  old-fashioned  mode,  of  splitting  up  the  longitudinal  and  shear  load  capability  of  the  material.  I agree 
with  this  so  much.  In  tact.  I'm  convinced  that,  if  Squadron  Leader  Perry  is  going  to  convince  the  requirements 
people  that  j return  to  the  type  ot  design  where  bending  material  is  concentrated  in  spar  caps  is  warranted,  then  he 
is  actually  making  quite  a strong  case  for  composite  materials  Because,  within  the  other  constraints  that  we  have 
in  designing  modern  aircraft,  we  just  haven't  the  space  to  go  hack  to  that  type  of  design  Wc’vc  been  forced  that 
wav  because  ol  performance  requirements,  in  many  cases  against  our  better  judgement  and  the  one  way  ol  reversing 
this  is  through  the  use  ot  fiber  composites 


Squadron  lndn  IVfTV  (RAF  I I think  tint  we  mustn't  terg-j  the  political  aspect'  «»l  at!  this  li  was  only  in  ! 
S.\|f » Hlnf'lrd  Hits  p»4i,\  •*!  llruhf,  iesg».»nsc  ihjl  wr  in  !hr  RAI  had  a and  tor  asnidrlalkts;  id  battle 


damage  repair  I he  Ng  need  was  always  tu  deliver  the  weapon,  while  now  we  have  to  operate  on  the  battle  field. 
And  i think  that  vulnerabdity  and  repair  will  take  a higher  place  in  the  order  ot'  ihinp.  that  have  to  be  balanced  in 
an  aircraft  design.  So  while  designers  may  have  been  forced  a certain  way  in  the  past,  it  may  be  that  things  will 
change,  so  that  we  consider  vulnerabdity  to  be  even  more  important  than  performance. 

IMm  IUmmuII):  I have  a question,  which  has  been  partially  answered.  Does  the  case  of  the  impact  of  projectiles 
on  aircraft  under  high  load  factors  exist  in  reality'*  He  have  studied  this  in  particular  on  the  Mirage  H and  have 
found  one  part  that  might  he  partially  destroyed  by  modem  projectiles  ignoring  of  course  large  shells. 

Ii  seems  to  me  that,  if  one  wishes  to  destroy  the  structure,  the  effects  of  blast  are  more  effective,  not  by  the 
destruction  of  small  elements,  but  rather  an  overall  effect  caused  by  an  explost.on  a long  way  off.  such  that  the 
blast  would  altect  the  whole  wing  or  tin.  Is  there  any  information  on  response  to  such  explosions'.’ 


Haskell  l URL):  In  order  to  destroy  aircraft  at  a distance  by  blast,  there  has  to  be  a rather  large  explosion.  Greater 
than  these  small  or  medium  si/e  anti-aircraft  projectiles.  These  would  have  to  detonate  within  several  meters.  A 
nuclear  h*a»t  can  do  this,  ol  course.  But  to  use  blast  to  completely  destroy  the  structure  one  must  have  a very  large 
quantity  o.r  explosive.  Surface  to  air  missiles  can  do  this,  if  close  enough.  But  you  need  a large  amount  of  explosive 
to  destroy  an  entire  wing,  for  example 


fetiau  lllintitilll:  Do  you  think  a charge  of  several  tens  of  kilograms  would  he  sufficient'.' 


Haskell  iBRLt:  Well,  it  depends  on  where  it's  detonated  and  on  the  structure  and  the  material,  for  tens  of  kilos 
the  critical  distance  could  be.  say.  ol  the  order  of  25  feet.  Ikies  anyone  else  have  any  information  on  this? 

Massmann  (IABG):  I have  no  further  comment.  I agree  with  Dr  Haskell. 


Taig  (BACl:  I wanted  to  go  back  to  a slightly  different  aspect  of  the  same  problem.  Mr  Haskell  indicated  that 
many  small  panels,  particularly  longitudinally  divided,  seemed  to  he  the  answer.  But  docs  there  came  a point  where 
it  is.  in  fact,  the  longitudinal  stiffener  that  becomes  a risk  rather  than  the  individual  panel?  I should  think  that  this 
must  be  so.  So  is  it  possible  that  it  is  actually  an  optimum  spacing  that  we  are  seeking,  rather  than  a minimum 
spacing? 


Haskell  (BRL):  Certainly  there  is  an  optimum  and  this  depends  on  the  individual  design  specifications.  There  are 
some  designs  now  that  are  quite  good  and  quite  light  weight  that  have  many  stringers  rather  than  massive  longerons. 
These  appear  to  have  good  damage  tolerance.  When  you  ask  if  there  is  an  optimum.  I agree  that  there  is  and  my 
calculations  favor  an  aspect  ratio  of  4 to  6.  This  is  apparently  what  structural  designers  have  determined,  based  on 
structural  integrity  requirements  in  general.  So  a good  aircraft  designer  appears  to  automatically  achieve  good  blast 
damage  tolerance. 


sMavunann  (IABGI;  If  you  have  an  outside  explosion,  the  pressure  amplitude  is  the  same  whether  you  have  very 
large  panels  or  very  small  panels.  But  if  you  have  an  internal  explosion,  the  overpressure  is  governed  by  the  volume. 
If  you  have  an  increase  in  volume  you  have  a decrease  in  overpressure,  so  I think  this  is  an  optimum  for  internal 
explosion. 


Harpur  (BACl:  I was  not  too  clear  from  Mr  Massmann's  paper  this  morning  about  bis  mention  of  venting  areas. 

I believe  be  showed  that  the  internal  overpressure  was  affected  considerably  by  the  venting  area.  Was  he  suggesting 
that  this  was  an  area  of  the  structure  that  might  blow-off  allowing  a pressure  decay?  I'm  not  too  clear  on  the 
definition  ol  venting  area. 


Masisinann  ll.ABG):  When  a proiectile  goes  msule  j volume  a hole  is  created  at  the  surlace  I bis  is  the  venting 
area  Hut  this  venting  area  is  lafgvt  than  the  proiectile 


Harpur  iBACl  I-  this  an  example  where  il  would  lx  a pood  idej  to  have  low  damage  resistant  v initially,  so  lhat 
. ot.  get  a latFe  venting  area  provided  the  slimline  holds  togelhef  * 
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Haskell  (BRI_):  We  have  found  in  most  of  the  general  structures  that  we’ve  tested,  that  there  is  sufficient  volume 
to  absorb  the  blast  products  and  that  it  is  not  necessary  to  artificially  vent.  We’ve  found  in  helicopter  tail  booms 
that  the  quasi-static  pressures  caused  by  the  residual  gases  was  not  as  significant  as  the  blast  waves,  since  there  was 
sufficient  volume  to  allow  the  products  to  expano  without  adding  to  the  blast  wave  damage.  Of  course,  this  was 
true  lor  a specific  case.  Obviously  the  structure  can  be  over-matched. 


Harpur  (BAC):  This  suggests  that  designers  should  avoid  the  use  of  solid  diaphragms,  and  use  open-braced  ribs 
instead. 


Coombe  (BAC):  One  must  remember  that  once  the  projectile  gets  inside  the  structure  there  are  many  other  things 
besides  the  structure  that  can  be  damaged  leading  to  adverse  effects  on  the  airplane.  It’s  really  survivability  that 
we're  talking  about.  It's  no  good  dealing  with  larger  amounts  of  damage  in  the  strucutre  if  there  are  other  things 
about  that  will  lead  to  catastrophic  failure  of  the  airplane. 


Avery  (Boeing):  'Dial's  a very  good  point.  I think  the  thought  there  is  that  if  we  do  have  larger  threats  and  larger 
damages,  then  not  only  structural  vulnerability  increases  in  importance,  but  also  the  vulnerability  of  every  thing 
else  in  the  airplane.  Perhaps  in  direct  proportion. 

There's  another  aspect  to  the  impact  damage  problem  that  hasn't  been  mentioned  today.  That  is  the  loss  of 
stiffness  due  to  material  removal  and  the  effect  this  may  have  on  the  flutter  performance  of  the  aircraft.  Not  only 
do  we  have  the  possibility  of  strength  degradation  hut  also  the  possibility  of  stiffness  degradation.  A structural 
vulnerability  assessment  must  examine  this  failure  mode  as  well. 

Another  topic  concerns  the  use  of  finite  element  techniques  in  battle  damage  applications.  The  basic  problem, 
of  course,  is  to  find  out  where  all  the  loads  go  after  elements  have  been  damaged.  The  finite  element  technique  is 
used  in  structural  design,  it  is  an  available  tool,  and  it’s  readily  adapted  to  the  analysis  of  damaged  structure.  In 
addition,  it  offers  the  opportunity  to  model  damage  in  ways  that  can  lead  to  accurate  results.  Programs  such  as 
NASTRAN  are  readily  available,  and *very  airframe  manufacturer  has  programs  of  their  own  to  apply.  So  I think 
that  finite  element  applications  in  damage  analysis  will  increase.  This  brings  up  questions  concerning  techniques. 
What  are  the  best  ways  to  model  the  damage?  What  are  the  best  ways  to  represent  the  structure?  What  simplifica- 
tions can  be  employed?  What  kind  of  elements  are  best  for  damage  analysis,  and  what  type  of  programs  should  be 
used?  I'or  example,  should  one  use  programs  capable  of  dynamic  elastic-plastic  response,  or  should  such  programs 
be  used  for  local  analysis  only,  and  combined  with  a general  purpose  program  for  load  redistribution  away  from  the 
damaged  area?  There  are  many  questions  of  this  type  that  must  be  answered.  Does  anyone  care  to  comment  on 
finite  element  techniques? 


Petiau  (Dassault):  As  outlined  in  my  paper  we,  at  A.M.D.,  have  studied  the  problem  in  detail  and  have  come  to 
treat  it  in  a manner  similar  to  that  for  fatigue  cracks.  An  overall  idealisation  is  used  to  get  the  boundary  conditions 
correct  followed  by  a very  line  idealisation  using  2-  or  3-dimensiona!  finite  elements  as  appropriate. 

This  is  very  expensive  and  it  would  be  preferable  to  demonstrate  that  the  sensitivity  of  structures  to  projectile 
damage  is  not  a big  problem. 


Avery  (Boeing):  Perhaps  something  that  would  be  useful  in  this  area  would  be  a research  effort  that  proceeds  in 
conjunction  with  testing.  One  could  impose  various  types  of  damage  in  a representative  full-scale  test  article  and 
then  conduct  tests  to  establish  load  redistribution  experimentally.  At  the  same  time  a finite  element  analysis  would 
be  conducted,  wherein  various  techniques  arc  explored  which  might  lead  to  basic  ground  rules  for  subsequent  use. 

In  this  connection.  Mr  Massmann  in  his  paper  presented  an  application  where  he  used  a very  sophisticated  finite 
element  program  (MARC),  to  verify  a simpler  model  which  he  developed.  Having  verified  the  simpler  model,  he  can 
then  proceed  to  use  it  in  subsequent  calculations.  I think  this  is  a very  significant  application. 


Haskell  (BRL):  It  happens  that  we  are  carrying  on  a study  of  this  sort  now,  in  regard  to  lightweight  helicopter 
structure.  We  will  perform  tests  where  we  cut  out  parts  of  the  structure,  and  we  will  compare  measured  strains  and 
deflections  with  calculated  values  obtained  using  the  NASTRAN  and  hand  analysis  methods,  so  that  we  will  have 
two  extremes  among  analysis  tools. 


Harpur  (BAC):  In  Mr  Haskell’s  paper  he  showed  a picture  of  the  effects  of  material  strength  on  the  safety  factor. 
F'rom  what  I could  understand  of  it,  he  was  plotting  a curve  through  a number  of  discrete  points  for  different 
materials.  I wonder  what  that  would  look  like  if  you  took  one  material  at  a time  and  varied  the  heat-treat,  for 


example?  I have  a feeling  tliai  it  iiiusi  tv  a rattier  oversimplified  result  to  show  that  the  stronger  a material  the 
heller  it  is 


Haskett  VHRLt:  !'  m sure  dial's  the  ease.  It'  you  increase  the  strength  you’re  bound  to  get  a more  damage  tolerant 
structure.  I used  the  materials  I did  because  of  practical  limitations  upon  the  availability  of  different  materials,  and 
I did  not  include  high-strength  composites.  So  to  answer  your  question.  I'm  sure  that  if  we  kept  everything  constant 
and  iust  increase  strength,  that  you  will  g.-t  higher  damage  tolerance.  However,  if  you  take  everything  into  account, 
the  possible  maximum  strength  that  is  available  and  its  other  attendant  properties,  the  damage  tolerance  does  not 
always  continue  upwards,  because  with  increased  strength  you  get  lower  ductility,  which  then  decreases  damage 
tolerance. 


Ilarpur  (HAO:  Vex.  this  is  what  I was  thinking.  With  regard  to  fracture  mechanics  we  know  that  2024-T3  is  a 
vetv  good  material  but  when  vve  go  to  2024- 1 Ss 1 we  get  very  bad  fracture  toughness,  possibly  worse  than  7075-Tft. 
So  line  lias  a varietv  of  process  conditions  for  each  material  and  this  may  be  even  more  important  than  composition. 
Some  elaboration  would  tv  useful 

Peliau  (Hassaiiltt:  I should  like  to  ask  Mr  Haskell  a question  on  the  extrapolation  of  his  method  to  fibrous  materials, 
wliuli  have  a plastic  behaviour  a lot  ditlercnt  Irotii  that  of  classical  materials,  in  that  the  plastic  phase  is  much 
r eel  lie  oil  However  in  the  degradation  of  the  panels  the  plastic  phase  is  important.  Will  this  not  cause  some  difficulty 
in  extrapolation ' 


Haskell  tBRLl:  This  is  true.  However,  we  are  attempting  to  use  this  model,  within  the  next  several  months,  for  a 
preliminary  study  of  the  effects  on  composites,  assuming  isotropy  and  using  material  properties  front  tensile  tests 
directlv  m the  model.  Certainly.  I realize  that  the  composite  characteristics  are  much  more  complex  than  this.  It's 
lusi  .m  attempt  to  utilize  an  existing  simple  model  and  apply  it  to  something  more  complicated.  We  could  be  amiss 
m tins,  but  vve  are  Irving  to  do  as  best  we  can. 


Avery  tllocingt:  There's  another  factor  in  regard  to  the  blast  response  of  fiber  composites  and  that  is  the  fact  that 
ibc  intcrl.miin  ir  shear  strength  of  liber  composites  i'  low  and  pressure  loads  can  have  disastrous  results  due  to 
inducing  dc!.iminations.  In  other  words,  the  failure  mode  may  Iv  much  different  than  in  metals.  Another  fact  is 
that  in  mans  lilvr  composites  the  response  will  Iv  virtually  clastic  to  failure.  Graphite,  for  example,  lias  a very  low 
strain  to  failure  as  does  boron. 


Shaw  (RAl.t:  I'd  like  to  show  a picture  ol  some  significant  structural  damage  (l7ig. It.  This  was  tested  over  20 
years  ago  I lie  w ing  was  impacted  under  T-g  conditions,  with  a TO  mm  high  explosive  round.  It  was  constructed 
in  .in  alloc  rough!)  cquival>-nt  to  the  old  7s  ST  . This  configuration  had  very  few  ribs.  I don’t  think  one  need  say 
more! 


Avery  lUocingt:  Thank  you  tor  showing  us  the  picture  which  I recognize.  That  data  was  made  available  to  the 
AGAKIf  study  and  will  be  represented  in  the  design  Manual. 


Ilarpur  tBACl:  One  final  question  directed  at  Mr  Kardels.  which  may  link  us  into  tomorrow's  discussion.  I 
wonder  if  in  his  vulnerability  analysis  he  is  ab!_-  to  consider  the  secondary  effects  of  a projectile  hit  into  an  engine. 
In  other  words,  if  the  engine  breaks  up  divs  he  consider  where  the  engine  projectiles  go? 

Kardels  (IAHG):  Yes,  we  do  consider  this. 


The  meeting  was  then  adjourned  until  the  following  day. 


)0  mm  H.|.  SMfLL  OCTONATIO  ON  SKIN 
INTAT  SiDI  INTCNStON 


Fig. I Damage  to  a D.T.I). 687-box  beam 


DISCUSSION  FOLLOWING  SESSION  II 

» 

l 

i 

Harpur  (BAC):  Today  wc  have  seen  lhat,  in  engine  containment,  we  have  a problem  similar  to  that  of  military  pro- 
jectiles but  for  the  military  case  the  projectile  comes  from  the  enemy  whereas  in  the  engine  debris  case  the  engine  ! 

manufacturer  and  the  airframe  manufacturers  are  more  friendly  and  not  deliberately  trying  to  upset  each  other.  So  j 

for  the  engine  debris  case,  there  is  at  least  a possibility  of  preventing  the  generation  of  the  projectile,  as  well  as 
trying  to  improve  the  resistance  of  the  structure  that  is  hit.  There  are  differences  also,  for  example,  in  that  the  ; 

possibility  of  having  an  impact  from  an  engine  failure  is  far  more  remote  than  in  the  case  of  the  projectile  impact 
on  military  aircraft,  since  in  the  latter  case  we  must  expect  that  it  will  be  shot  at.  However,  there  is  in  the  engine 
debris  problem,  the  possibility  of  preventing  projectiles  from  leaving  the  engine  carcass  and  this  provides  for  trade- 
offs between  engine  design  and  airframe  design.  This  sort  of  option  is  not  available  in  the  case  of  military  projectiles, 
i.e..  we  cannot  persuade  the  enemy  to  make  his  projectiles  smaller  and  less  damaging.  Further,  of  course,  the  engine 
debris  docs  not  explode  when  it  penetrates  the  airframe,  as  does  3n  HF.  military  projectile.  In  addition,  the  engine 
debris  is  more  predictable  in  its  direction  of  attack  and  velocity.  But  it  is  probably  less  well-defined  in  terms  of  its 
shape,  as  the  geometry  of  engine  fragments  can  be  quite  peculiar.  The  residual  strength  capability  after  damage  is 
also  somewhat  different.  The  military  aircraft  may  be  required  to  perform  evasive  maneuvers  and  may  not  be  able 
to  land  immediately  because  of  operations  over  hostile  territory.  In  contrast,  after  an  engine  burst,  the  aircraft  will 
try  to  get  down  as  quickly  as  possible,  although  we  must  bear  in  mind,  of  course,  that  this  might  involve  strenuous 
maneuvers. 

Additionally,  wc  discussed  yesterday  the  problem  of  repair  and  the  need  that  the  military  have  to  repair  as 
quickly  as  possible  so  that  the  aircraft  can  return  to  battle.  However,  this  is  less  important  for  the  engine  burst 
problem,  as  it  is  a very  rare  event  and  one  can  accept  more  time  and  expense  before  returning  the  aircraft  to  service. 

In  summary,  we  have  similarities  and  in  some  instances  a change  in  emphasis.  Clearly,  however,  projectile  impacts 
from  both  military  projectiles  and  engine  debris  projectiles  present  a similar  problem  to  the  aircraft  designer. 

To  start  our  discussions,  I noted  in  Mr  McCarthy’s  paper  that  the  total  containment  of  engine  debris  would  add 
about  507;  to  the  basic  engine  weight.  On  one  of  his  figures,  however,  he  showed  that  one  need  only  stop  about 
10',;  of  the  bladed  disk  weight  to  reduce  the  number  of  incidents  by  72%.  What  is  the  weight  penalty  associated 
with  this?  How  does  the  weight  penalty  vary  with  debris  size? 
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McCarthy:  tte'w  related  the  results  to  tin-  situation  where  the  engine  eases  have  flanges  (casings  are  bolted  together) 
and  where  the  restriction  of  the  llanges  affects  the  deformation  of  the  cases.  l-’rom  this  we  arrived  at  our  ligure  ol 
50  increase  in  weight.  Me  have  done  tests  on  fragments  up  to  four  blades  on  a piece  ol  disk  which  is  about 
of  a Haded  disk.  I bis  required  double  the  casing  thickness.  We’ve  not  tested  fragments  larger  than  that,  so  I m not 
sure  how  the  weight  trade  comes  out.  We  are  planning  tests  with  larger  fragments,  up  to  one-third  segments  in  tact. 


Jube  (Aerospatiale):  I was  surprised  in  the  two  papers  this  morning  that  nothing  was  said  of  the  improvement 
brought  about  by  the  use  of  new  composite  materials.  I mean  Kevlar  fiber,  for  instance.  In  my  opinion,  protection 
against  engine  debris  is  not  fundamentally  different  than  protection  against  bullets,  which  is  now  in  many  cases  solved 
In  the  use  of  Kevlar,  sometimes  using  no  resin,  i.e  only  layers  of  cloth.  This  has  been  proven  ellective  lor  low 
speed  bullets  up  to  500  meters  second.  Over  this  the  efficiency  is  less  but  this  range  ol  speed  seems  to  cover  tile 
range  ol  engine  debris.  I guess  this  development  work  is  already  m progress  among  civil  manulaclurers.  I wonder 
it  anyone  could  provide  additional  information1  We  intend  to  push  for  this  development  in  I ranee,  because  it 
provides  a means  of  obtaining  protection  without  a lug  weight  penalty. 

McCarthy  (Rolls-Royce):  I he  cifect  of  impact  from  a high  velocity  bullet  is  quite  different  I rum  that  ol  a low 
velocity  piece  ot  engine  Armor  plating  designed  tor  bullets  is  often  not  effective  tor  the  debris.  1 he  change-over 
occurs  at  approximately  1 .1)00  teet  per  second.  We  tested  liber  glass  and  carbon  liber  as  containment  tings  and 
totind  them  to  be  tar  less  effective  than  steel  or  titanium.  Some  tests  have  been  done  in  America  with  Kevlar  without 
resin  and  the  results  jppear  to  be  good  One  lias  to  think  how  this  would  he  applied,  it  would  be  like  putting  a bag 
around  the  engine  I suppose  and  it  lias  severe  limitations  concerning  temperature.  We’re  proposing  to  do  some  tests 
with  Kevlar,  we’ve  already  done  some  with  resin  and  the  results  were  not  good.  We  shall  be  following  on  with  tesls 
without  resin. 


Avery  (Boeing).  I should  make  some  comment  tegatdmg  the  application  ot  Kevlar  to  the  engine  debris  pioblem. 
as  vie  have  done  sonic  ot  that  work  I have  no  data  to  release,  but  pet  haps  Ibis  can  be  done  at  a Inline  meeting. 
However,  we  are  optimistic  about  kevl.it  applications.  It  also  agrees  with  our nesults  that  efficiency  i'  improved 
without  the  ic'in.  I he  Kevlar  lias  been  more  ellective  than  fiberglass,  ballistic  nylon,  woven  roving  and  other 
itinlcri.ils  ol  tins  sort  And  its  cllmeiKy  I'  very  high  as  a light weight  armor  concept  I do  agree  about  the  attach- 
ment and  application  problems.  Ilus  is  an  area  that  must  be  looked  into.  Another  laeet  is  that  it  does  require  a 
.ctt.iin  amount  ot  space  and  this  can  pose  an  application  problem  I he  key  feature  ill  the  penetration  resistance  ol 
this  material  depends  on  it'  capability  to  move  at  impact,  so  that  energy  is  absorbed  in  membrane  action.  When 
used  without  the  resin  this  action  is  enhanced  but  this  requires  space.  Perhaps  quantitative  support  for  my  statements 
can  be  provided  at  a later  time. 


Harpur  iBAC’t:  Pursuing  this  theme.  I wonder  it  anybody  has  looked  tnlo  other  lornis  ol  woven  material’  Would 
a woven  metal  mesli  be  ellective’  lilts  seems  to  be  one  ol  the  areas  we  must  consider  lit  the  Design  Manual. 
Although  there  is  a difference  between  debris  and  military  projectiles,  it  would  seem  that  a somewhat  similar  situation 
concerning  armoring  does  exist.  Would  someone  like  to  say  anything  Irom  the  military  armor  point  of  view  licit 
might  he  ol  Ivnefit  as  tar  as  engine  debris  is  concerned'’ 


Avery  (Boeing):  I think  what  Mr  McC  arthy  was  getting  at  a moment  ago.  is  that  one  effective  lorm  of  armor  for 
/military  projectiles  is  a hard  ceramic  material  backed  up  by  a fiber  composite  material.  The  hard  surface  lends  to 
break  up  the  projectile  and  change  its  shape.  I his  is  especially  effective  against  armor  piercing  projectiles  as  these 
rely  to  some  extent  upon  their  shape  to  effect  penetration.  The  softer  back-up  material  absorbs  the  energy.  However, 
lor  engine  debris  projectiles,  as  we  said  before  you  have  diverse  shaped  projectiles  not  designed  as  pcnetralors.  I’m 
sure  that  deforming  or  breaking-up  these  projectiles  by  the  use  of  ceramic  tile  armor  would  not  be  as  effective  as 
it  is  lor  the  military  projectiles.  I wonder  it  anyone  agrees  with  me  on  this  ’ 


Shaw  (RAL):  Its  been  mentioned  that  the  main  difference  between  debris  and  military  projectiles  is  the  velocity 
regime.  I he  response  of  all  materials  is  different  because  of  these  velocity  effects.  The  ceramic  armor,  as  mentioned, 
is  primarily  effective  in  breaking  up  projectiles  and  this  is  not  applicable  to  engine  debris.  It  has  also  been  found 
that  military  armour  can  be  effective  against  fragments  but  this  is  mainly  at  high  velocities.  Its  doubtful  that  the 
very  high  cost  of  these  materials  could  be  justified  in  view  of  the  very  small  potential  for  improvement. 


Avery  (Boeing):  I would  like  to  address  a question  to  Mr  Thicry.  in  order  to  increase  my  understanding  of  his 
work.  Did  you  show  some  test  results  with  li-glass  that  indicated  rather  good  resistance  to  penetration’.’  Is  that 
correct’.’ 
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Thiery  (SNECMA):  Test  results  for  epoxy  glass,  presented  this  morning,  were  for  several  thicknesses  and  for 
ditlercnt  numbers  of  layers  for  a given  thickness.  They  have  been  compared  wilh  a sheet  of  solid  titanium  of  the 
same  weight  and  the  resistance  against  thickness  behaves  in  the  same  way:  epoxy  glass  has  the  same  order  of  strength 
as  titanium. 


Avery  (Boeing):  So  that  would  indicate  that  E-glass  is  a fairly  efficient  penetration  resistant  material? 


Thiery  (SNECMA):  I have  the  impression  that 'it  has  a fairly  good  resistance  but  have  not  done  comparative  tests 
with  other  fibres.  These  tests  are  in  hand. 


Avery  (Boeing):  If  it  were  established  that  fiberglass  was  efficient  in  resisting  penetration,  would  the  application  be 
to  fabricate  engine  cases  from  fiberglass  ’ 


Thiery  (SNECMA):  An  engine  casing  with  blades  fixed  to  it  would  be  difficult  in  composites  alone.  More  interesting 
would  be  a casing  in  fairly  thin  metal  reinforced  with  a layer  of  composite.  The  problem  is  to  choose  the  fibre  and 
number  of  layers  for  maximum  containment. 


McCarthy  (Rolls-Royce):  We’ve  done  some  tests  on  fan  blade  containment  using  a carbon-fiber  containment  ring. 
T he  blade  easily  penetrated  the  nng  with  little  loss  of  energy.  We  followed  this  up  with  tests  of  a carbon  fiber 
containment  nng  lined  with  metal.  Because  of  the  amount  of  stretch  in  the  carbon  fiber,  the  metal  inner  casing 
tore,  moved  outwards  js  the  carbon  liber  stretched,  and  tile  liber  then  catapulted  the  metal  hack  into  the  blades 
with  disastrous  results. 


Massmann  IIABfil:  We've  heard  about  what  happens  when  the  fragment  gets  outside  the  engine  hut  what  happens 
to  the  operation  of  the  engine  and  what  is  the  effect  of  fragments  inside  the  engine? 


McCarthy  (Rolls-Royce):  If  the  fragment  is  inside  the  engine,  the  effect  depends  on  the  surroundings.  A fan  blade, 
lor  example,  is  likely  to  go  down  the  by-pass  duct  and  avoid  the  core  engine.  A blade  at  the  front  of  the  compressor 
is  likely  to  do  considerable  damage.  At  the  turhine  end.  it  the  turbine  blades  are  between  two  rows  of  nozzle  guide 
vanes  at  close  spacing,  then  the  release  of  a turbine  blade  is  likely  to  damage  a large  number  of  other  blades  in  the 
same  row  That  is  the  case  for  forged  blades.  l;or  cast  blades,  more  widely  used  nowadays,  release  of  a blade  in  a 
space  like  that  can  cause  failure  of  all  blades  in  a row  and  probably  failure  of  a number  of  blades  downstream.  On 
the  other  hand  if  axial  space  is  provided  between  the  row  or  blades  and  tne  next  row  of  nozzle  guide  vanes,  then 
the  amount  of  danuge  can  be  considerably  reduced.  So.  the  effect  depends  very  much  on  the  design  of  the  engine. 
In  some  engines  you  can  lose  a turbine  blade  without  even  knowing  about  it.  In  other  engines,  shut  down  is  certain. 


Shaw  (RAFT:  While  we're  on  this  subject,  has  the  effect  of  engine  vibration  after  debris  ejection  been  investigated'.’ 
Some  RAT.  tests  have  indicated  that  the  engine  can  divest  itsell  of  the  fuel  system,  for  example,  before  it  can  be 
shut  down.  It  seems  to  us  that  failure  of  these  components  due  to  engine  vibration  can  be  just  as  serious  as  the 
debris  impact  on  the  structure. 


Coombe  (BAC):  I was  going  to  follow  Mr  Shaw's  question  with  another  question  to  the  engine  manufacturers.  In 
the  situation  described  by  Mr  Shaw,  is  there  any  evidence  that  these  vibrations  can  lead  to  massive  engine  failures? 
doing  back  to  the  vibration,  blades  have  come  off  in  flight  leading  to  exactly  the  consequences  you  described, 

Mr  Shaw.  It  is  a thing  that  has  to  be  taken  account  of,  not  only  during  run-down  but  also  during  the  subsequent 
windmilling  that  may  occur  for  a long  time  during  subsequent  flight.  On  the  other  hand.  I know  of  one  blade 
release  on  a test  stand  that  solved  the  problem  quite  readily,  because  it  broke  the  front  bearing  and  the  engine 
slopped,  quite  violently.  So  there  arc  a whole  range  of  conditions  that  arc  difficult  to  quantify  and  difficult  for 
both  the  engine  and  airframe  manufacturers  to  deal  with.  But  it  is  a problem  that  people  arc  thinking  of. 


McCarthy  (Rolls-Royce):  When  a blade  comes  off,  the  vibration  in  most  cases  will  increase  to  the  extent  that  it  will 
exceed  an  acceptable  level.  In  engines,  for  civil  use  anyway,  we  have  vibration  level  indicators  and  when  an  accept- 
able leVcl  is  exceeded  the  engine  is  simply  shut  down.  I think  in  most  cases  the  engine  would  be  shut  down  anyway 
because,  for  a fan  blade,  the  forces  arc  so  enormous  that  the  engine  will  shut  down  of  its  own  accord.  1 remember 
a case  where  an  engine  lost  an  LP  turbine  blade  over  the  Atlantic  and  this  went  unnoticed  as  there  were  no  monitoring 
equipment  in  use  at  the  time.  The  flight  was  completed  but  it  shook  loose  practically  every  nut  and  boll  in  the 
engine.  So  it  can  happen,  of  course,  but  with  vibration  monitoring  equipment  it  is  very  unlikely  to  be  a problem. 
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llarpur  (BAC):  While  we're  'till  mi  the  first  event  i.e..  the  engine  tail  lire  itself,  and  Ivfore  we  get  on  to  the  inter- 
action with  the  structure.  I would  like  to  jsk  another  question  obviously  directed  at  Mr  McCarthy.  In  the  work  he 
described  to  improve  the  situation.  I noted  that  in  all  cases  it  was  anticipated  that  something  will  come  olT.  although 
the  objective  is  to  make  this  debris  as  small  as  possible  and  to  contain  them  within  the  engine.  Nevertheless,  that's 
going  to  be  an  expensive  engine  iep.ur.  even  though  you  prevent  damage  to  the  airframe.  I wonder  what  were  the 
possibilities  o|  preventing  anything  Itom  coining  oil  at  all’  Could  one  make  a tail-sale  engine,  in  the  sense  ol 
finding  the  delect  betore  it  gets  to  catastrophic  size’  What  are  the  possibilities  of  devising  inspection  technique* 
or  ol  altering  engine  design  so  as  to  remove  the  possibility  of  engine  break-up  entirely'’ 


McCarthy  ( Rolls-Royce):  I can't  see  us  ever  getting  to  the  position  ol  ever  eliminating  engine  failures  altogether 
We  have  looked  at  the  way  engines  .have  tailed  and  try  to  prevent  these  failures  m the  future.  Design  is  constantly 
being  modified  to  achieve  that  end  Hut  engines  continue  to  find  new  ways  to  lail  and  we  never  quite  catch  up 
with  it  With  tegard  to  detection  ol  incipient  lailurvs.  we  have  made  significant  advances.  We  have  the  vibration 
monitoring  equipment,  we  have  magnetic  ship  detectors  in  the  o:l  system  and  the  use  of  the  intrascope  has  proved 
to  be  invaluable.  It  was  treated  with  scant  respect  a lew  years  ago  but  is  now  widely  used,  allowing  observation  of 
the  blade  and  combustion  components  of  the  .ore  engine  to  spot  incipient  failures.  As  lar  as  spotting  incipient 
Ijilure  m a disk  tins  is  a much  mote  dillicult  problem  am!  we  don't  know  any  way  at  present  of  detecting  a crack 
in  a rotating  disk  during  engine  service.  I his  presents  a problem  because  in  modern  disk  materials  the  fracture 
toughness  is  such  that  very  small  cracks  can  go  critical  So  wc  rely  heavily  on  cyclic  testing  ol  disks  to  establish 
disk  hie  and  service  limits 

llarpur  (BACl:  I was  jiraid  you  would  answer  in  that  manner  We  must  lace  the  fact  that  we  have  sale-life  rather 
than  tail-sale  engines  hut  that  we  try  to  get  a tail  safe  airplane  m the  end.  by  controlling  the  debris  in  an  orderly 
way  I wonder  it  this  problem  <>t  inspection  could  be  put  to  our  Nl>l  colleagues  who  might  think  of  some  clever 
solution  I think  there  is  a need  to  continue  to  seek  a method  o!  finding  the  cracks  before  they  get  too  large.  This 
also  entails  making  the  clitKal  cf.nk  length  as  long  as  possible.  I don’t  know  whether  there  is  :i  compromise  that 
could  be  reached  < ertamly  it  .s  ditticiil'  enough  to  design  an  engine  to  perform  its  own  function.  Whether  it’s 
possible  to  use  materials  with  highet  fracture  toughness,  or  even  use  crack  Moppet*.  I don’t  know. 

IVriups  we  should  move  on  to  other  suhiects.  unless  someone  lus  further  comments. 


('iiomhc  (BACl.  I luve  a question  on  statistics  Mr  McCarthy  presented  a case  on  the  basis  of  L’K  statistics  only. 
While  one  mator  release-  in  h.5  million  hours  sounds  quite  a lot.  il  you  do  the  sum  and  assume  that  there  are  four 
engines  lilted  m each  ol  lno  applanes.  I think  you  get  a major  telease  once  every  20.000  hours  in  every  airplane. 

I Ins  is  twice  m the  hletimc  ol  every  single  airplane  in  the  fleet.  I hat's  not  negligible  in  those  terms.  So  we  should 
ask  tor  world  statistics,  because  with  tln»,c  sort  ol  numbers  its  not  a "way-out"  problem  that  you're  talking  about. 


McCarthy  (Kolls-Roycel:  "Mjjor  release"  is  probably  not  the  right  word.  I was  talking  about  debris  that  would 
cause  penetration  ol  a wmg  or  fuselage.  Ibis  could  be  just  part  of  a blade,  resulting  tn  a very  small  hole.  I don't 
think  that's  a mjjor  release-  ! lie  number  of  releases  involving  mainr  /<«•<  is  has  been  very  small  indeed.  I believe  5 
or  (>  in  I 24  million  hours 


llarpur  (BACl:  It's  not  very  frequent,  but  it’s  still  there,  so  we  must  do  everything  possible  to  reduce  it.  In  terms 
of  tlie  consequences  ol  the  Ijilure.  I wanted  to  ask  Mr  llurel  about  conditions  under  which  the  structure  is  damaged. 

It  seems  there  are  three  levels  of  damage  that  one  needs  to  establish  in  determining  the  safety  of  the  airplane, 
depending  on  the  part  one  is  considering.  II  the  part  involves  structural  integrity  only,  then  il  may  be  perfectly 
permissible  to  allow  penetration,  providing  adequate  strength  remains.  But  if  system  components  or  people  are 
behind  the  structure,  then  we  might  allow  some  perforation  but  not  complete  penetration.  In  (he  third  case,  for 
example  a fuel  tank,  no  perforatum  at  all  could  Iv  tolerated.  I wasn't  too  clear  from  Mr  lluret's  presentation  whether 
he  could  distinguish  lie  tween  these  three  cases  using  his  analysis  approach.  Could  Mr  lluret  clarify  Ibis.' 


Hurd  (SNIASl:  The  test  results  show-  a zone  of  high  energy  where  the  fragments  pass  through  the  engine  casing,  a 
zone  ot  low  energy  where  they  do  not  pass  and  an  intermediate  zone  where  there  is  a hii  of  everything,  due  to  the 
uncertainty  of  all  the  highly  complex  phenomena  which  occur.  Il  is  not  our  object  to  discriminate  accurately  between 
a casing  which  is  punctured  and  one  which  is  punctiia-d  Init  stops  the  blade.  The  probability  will  be  marginally 
greater  for  one  than  lor  the  others  but  itisignilicant  for  an  order  of  magnitude  comparison  with  certain  other  risks. 


llarpur  (BACl:  Yes.  I can  understand  the  difficulty.  It's  probably  more  difficult  than  will)  military  projectiles 
because  of  the  irregular  shape  of  the  projectile.  It's  possible  that  the  projectile  has  sharp  corners.  Also,  of  course, 
the  blade  itself  may  be  damaged,  and  curl  up  into  sonic  peculiar  shape  that  would  not  cause  damage  to  the  structure. 
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IIjs  the  effect  of  the  impact  on  the  projectile  been  studied  to  any  extent?  ('an  one  design  blades  or  structure  so  as 
to  bend  the  blade  enough  so  it  won’t  penetrate'.’ 


McCarthy  (Rolls-Royce):  In  working  on  the  deflector  plate  we  were  concerned  about  the  shape  of  the  missile,  so 
we  made  a study  ol  the  various  pieces  ol’  blades  and  disks  coming  out  of  engines.  Invariably  the  blades  are  bent 
over  above  the  platform,  more  or  less  tangentially  and  the  most  penetrating  fragment  has  been  the  broken  off  disk 
diaphragm,  or  disk  web  area,  having  a fairly  thin  edge  capable  of  slicing  through.  So  we  developed  a fragment 
reproducing  this,  and  even  put  saw  teeth  on  it.  We  also  gave  it  the  proper  spin  so  that  the  rotational  energy 
represented  a realistic  projectile.  So  we  covered  this  aspect  in  designing  and  developing  the  deflectors. 


Petiau  (Dassault):  I should  like  to  ask  about  deflector  plates,  because  it  seems  to  me  more  efficient  from  a weight 
point  ot  view  to  protect  the  sensitive  parts  of  aircuft  by  deflecting  fragments  rather  than  stopping  them,  l or  the 
falcon  SO  we  have  been  studying  V-shaped  deflectors  to  protect  the  rear  end  but  have  almost  no  data  on  which  to 
base  a design  and  would  welcome  any  suggestions. 


McCarthy  (Rolls-Royce):  We’ve  developed  deflectors.  The  purpose,  of  course,  is  to  protect  vital  parts  of  the  aircraft, 
so  it  hjs  a limited  dimension.  It  must  be  positioned  and  angled  so  as  to  deflect  the  missile.  We’ve  tried  aluminum, 
steel,  hardened  steel,  stiffened  plates,  titanium  plates.  We  find  the  best  to  be  titanium  plate  mounted  on  honeycomb 
ol  NOMI  X.  We’ve  investigated  scaling  effects  and  have  established  some  scaling  laws  from  tests  of  deflectors  from 
I to  4 square  feet,  using  m<,siles  from  4 to  .5  pounds  at  MK)  Ips.  The  outcome  was  that  MV3  ~ I3,  where  t is 
the  thickness  ol  the  material. 


Harpur  (BAC):  On  the  subject  ol  deflectors.  I’m  sure  the  same  type  of  thing  must  be  considered  o;i  the  military  side. 
1 e..  establishing  the  conditions  under  which  projectiles  will  ricochet.  Does  anyone  wish  to  comment  on  this?  Mas 
there  been  detailed  study  of  ricochet  of  bullets  ’ 


Avery  (Boeing):  Yes  there  have  been,  in  the  sense  that  many  studies  have  been  conducted  to  determine  the  ballistic 
penetration  limits  of  aircraft  structural  materials.  In  most  applications  the  angle  of  impact  is  not  zero  degrees,  so 
that  the  penetration  models  developed  fiom  this  work  have  been  formulated  in  terms  of  projectile  obliquity  as  well 
as  velocity  So  one  can  find  j tair  amount  ol  data  on  conditions  of  ricochet  for  specific  projectile/larget  interactions 
and  the  physical  principles  involved  might  well  tv  of  some  value  for  the  engine  debris  case.  As  far  as  specific  armor 
design  configurations  are  concerned,  it  must  he  recognized  that  there  is  limited  use  of  armor  in  military  aircraft, 
although  certain  vehicles  have  substantial  armor  in  the  cockpit  area  and  in  some  cases  this  is  designed  to  take  advan- 
tage ol  projectile  deflection.  I think  the  genera!  answer  is  that  correlations  have  been  made  between  impact  condi- 
tions and  ricochet  probability  ar.J  t!i probably  could  he  of  some  use  in  designing  debris  deflectors. 

Shaw  (RAE):  There  have  been  a lot  of  tests  on  the  ricochet  of  projectiles  but  the  shape  of  the  pr<  ectilc  has  a 
significant  influence.  Most  military  projectiles  will  ricochet  readily  because  of  the  ogive  shape.  But  others  have 
been  designed  specifically  to  prevent  ricochet  and  a blunt  projectile,  such  as  encountered  in  debris,  is  least  likely  to 
ricochet. 


'Harpur  (BAC):  I wonder  if  we  might  discuss  design  criteria  aspects.  Dr  (’oombe  mentioned  this  in  his  paper  and 
gave  details  ot  a proposed  C’AA  regulation  that  requires  that  certain  conditions  of  engine  failure  must  be  sustained 
by  the  aircratt  with  a specified  probability  of  survival,  this  probability  being  lower  for  very  large  failures.  The 
requirement  doesn't  take  into  account  the  actual  probability  of  failure  for  the  specific  engine  being  considered.  It 
would  seem  that  there  is  a gap  here  and  I wonder  iT  there  was  some  way  to  determine  these  engine  failure  probabi- 
lities quantitatively,  so  that  we  might  arrive  at  an  overall  risk  level  of  both  engine  failure  and  resulting  aircraft  risk. 
We  cannot  calculate  this  overall  probability  at  present  because  we  don’t  have  engine  failure  probabilities  and  the 
requirement  seems,  at  the  moment,  to  be  avoiding  this  issue. 


McCarthy  (Rolls-Royce):  We  have  been  quite  anxious  to  show  the  airworthiness  authorities  that  the  probability  of 
non-containcd  failures  has  been  diminishing  as  we  advance  in  the  art.  We’ve  been  unable-  to  satisfy  them  because 
they  argue  that,  although  we  have  eliminated  past  failures,  the  use  of  new  materials  and  new  designs  is  likely  to 
off-set  the  improvements  made.  Therefore,  they  feel  that  the  probability  of  failure  is  the  same  as  it  has  been  over 
the  years.  We’ve  been  trying  to  demonstrate  that  the  probability  of  non-containment  has  been  eliminated  entirely 
in  some  instances.  I feel  that  the  statistics  arc  misleading  in  some  respects,  in  that  it  has  often  been  said  that  the 
rate  of  non-containment  has  not  been  diminishing  with  the  introduction  of  the  latest  fan  engines.  But,  if  you  look 
at  the  data,  you  sec  that  it  is  the  old  engines  that  continue  to  fail,  not  the  new  engines.  The  new  engines  cannot 
be  properly  assessed  yet,  because  they  don’t  have  millions  of  service  hours. 
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Ifarpur  (BACl:  Arc  I here  any  comments  on  the  type  of  criteria  defined  by  tile  CAA,  that  is,  taking  three  typical 
types  of  engine  debris  and  relating  them  to  a probability  of  catastrophe'.’  In  fact,  these  criteria  accept  the  fact 
that  an  overall  catastrophe  could  occur  with  each  type  of  debris  but  ensure  that  the  probability  of  catastrophe  is 
sullicienlK  love  so  as  to  be  acceptable,  lor  example,  one  in  thirty  for  the  disks. 


Avery  (Boeing):  I wouldn't  care  to  comment  on  the  severity  of  the  ( AA  proposed  regulation,  or  the  penalties 
associated  with  meeting  it.  but.  in  terms  of  providing  a designer  with  a criteria  that  he  could  work  with,  I felt  it's 
quite  good.  I have  another  question.  I first  heard  of  the  regulation  over  a year  ago.  and  it  was  in  dralt  form  then. 
I note  that  it  is  still  in  draf  t form,  so  I would  like  to  ask  what  is  the  status  of  adoption' 


McCarthy  I Rolls-Royce):  I he  regulation  is  follow  ing  a normal  adoption  cycle,  i.e..  a draft  is  circulated  l or  comment, 

m order  to  arrive  at  a compromise  regulation.  Ibis  exercise  is  currently  being  completed. 


Coombe  (BAC):  I would  just  like  to  add  one  thing.  Just  because  it's  m draft  form  don't  imagine  you're  not  giving 
to  be  asked  to  meet  something  like  it 


Shaw  tRAFl:  It  occurred  to  me  during  l)r  Coomlve’s  paper  that  it  may  be  useful  to  study  some  of  the  test  data 
available  on  penetration  tests  involving  continuous  rod  warhead  fragments.  I lie  cuts  produced  by  the  continuous 
tods  are  much  cleaner  and  much  narrower  than  that  produced  by  engine  fragments  but  it  may  be  that  some  results 
might  be  useful  relative  to  the  ellect  ol  long  cuts  produced  by  tangential  impacts. 


Avery  (Bocingl:  I have  a question,  but  I'm  not  sure  who  would  like  to  answer  it.  In  hearing  the  engine  debris 
papers,  it  was  made  clear  that  there  is  a definite  need  to  so've  the  problem,  especially  in  view  of  the  regulation. 

Mui It  work  has  been  done  toward  finding  an  appropriate  solution.  These  approaches  have  included  reducing  engine 
failures  but.  lor  the  airframe,  we  have  discussed  containment  concepts,  involving  either  the  case,  per  se.  or  a 
rcinlorced  case,  anti  also  supplementary  protection  such  as  shielding  and  deflector  concepts.  In  addition,  we  heard 
ol  some  very  substantial  Configurational  concepts,  involving  the  location  of  critical  components  on  the  aircraft.  So. 
it  would  appear  that  a number  of  different  approaches  are  being  investigated  in  order  to  meet  the  requirements  and 
is  there  any  resolution  at  this  point  as  to  what  approach  or  combination  of  approaches  will  evolve'.’  Have  we  reached 
the  stage  yet  where  a path  to  follow  has  been  revealed.’  Where  do  we  stand  toward  developing  a design  approach'.’ 


McCarthy  < Rolls-Royce):  The  tests  that  we've  been  doing  are  designed  to  provide  the  data  required  to  establish 
the  feasibility  of  various  options.  Clearly,  the  aircraft  lay-out  is  critical  as  far  as  local  thickening  of  cases  is  con- 
cerned. A three  engine  aircraft  requires  thickening  of  three  parts  of  the  casing  and  this  may  he  unattractive.  We’ve 
covered  the  deflector  option  as  well,  and  have  generally  attacked  the  problem  of  large  pieces  coining  out.  to  try 
and  avoid  the  worst  eases,  and  this  work  is  going  ahead  as  is  our  work  to  reduce  engine  failures  in  general.  Hut 
thickened  cases  versus  deflectors  is  still  an  open  question  depending  on  aircraft  layout. 


Harpur  (BAC):  Yes.  I can  see  the  engine  manufacturers  dilemma  concerning  case  thickening.  Obviously,  he  would 
like  to  sell  his  engines  for  a variety  of  vehicles  and  if  he  tries  to  cover  all  possible  configurations  he  may  end  up 
with  casings  thickened  all  the  way  around.  It  is  possible  to  develop  a special  shield  separate  but  close  to  the  engine. 
Ibis  could  Ik1  part  of  the  airframe,  in  a way.  and  would  not  require  a different  engine  ease  for  every  application. 


McCarthy  (Rolls-Royce):  This  is  very  attractive  in  some  respects  hut  the  problem  is  weight  increase.  We  try  to 
include  the  extra  weight  required  for  containment  into  the  engine  casing  in  order  to  take  advantage  of  the  additional 
strength,  rather  than  carrying  weight  which  does  nothing. 


Coombe  (BAC|:  I think  that  since  the  requirement  has  been  around  for  such  a short  time  that  no  general  design 
guidelines  have  been  established  regarding  layout.  There  are  some  simple  rules,  l-'or  example,  if  you  have  a four 
engine  aircraft  with  little  wing  sweep-hack,  the  engines  must  be  a long  way  apart  to  prevent  one  engine  from 
knocking  out  the  others,  'l  itis  makes  for  a funny  looking  airplane.  Also,  there  are  different  layouts  for  different 
tasks.  For  example,  a military  transport  aircraft  (such  as  a C-l.tO)  may  require  a high  wing  and  this  is  quite  different 
than  a civil  layout.  The  problems  are  different.  Another  factor,  as  can  be  seen  from  Mr  lluret's  paper  is  that  there 
is  much  work  in  studying  the  statistics  of  this  problem  and  the  time  and  money  invested  can  be  substantial.  The 
designers  will  have  to  employ  simple  design  layout  procedures  in  order  to  avoid  making  too  many  of  these  expensive 
calculations. 


The  meeting  was  then  concluded. 
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A Specialists  Meeting  was  held  by  AGARD  in  September  1975  to  stimulate  collection  of 
data  for  a manual,  expected  to  be  completed  in  late  1977,  on  the  subject  of  the  resistance  of 
aircraft  structure  to  the  impact  of  projectiles.  There  is  a great  need  to  extend  past  AGARD 
work  on  the  subject  (AGARD  Advisory  Report  AR-47  on  “Physical  Vulnerability  of 
Aircraft”)  to  include  design  methodology  and  the  proposed  manul  is  intended  to  do  this. 
Among  the  subjects  covered  in  this  exploratory  conference  were:  blast  effects:  the  types  of 
damage  produced  by  different  projectiles;  the  failure  characteristics  of  the  structure  under 
load  and  its  residual  strength  and  life  after  damage;  the  relationship  between  spread  of 
damage,  materials  used,  and  detail  design  features;  the  degree  of  projectile  penetration  and 
the  related  hydraulic  ram  effect  in  fuel  tanks;  and  distribution  of  size,  velocity  and  direction 
of  engine  debris  fragments  and  their  effect  on  structure.  The  relationship  to  improved 
aircraft  damage  tolerance  of  such  factors  as:  the  use  of  armor  and  deflectors;  the  employ- 
ment of  modified  engine  design  (to  cause  blade  failure  to  be  more  likely  than  disc  failure 
and  to  contain  a large  portion  of  the  resultant  debris);  the  effectiveness  of  analysis  of 
damaged  structures;  and  the  utilization  of  methods  of  improvement  of  overall  aircraft 
layout  are  also  considered. 


I 


